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4Abstract 
Wheat is the world’s most important staple food, providing one-fifth of the 
daily protein consumed globally. However, the majority of wheat is used 
as refined flour, in which the nutritionally superior bran layers and germ 
are removed during milling, thus producing yearly a massive amount of 
underutilised food side streams. Better exploitation of the side streams and 
development of new plant-based protein ingredients are required to ensure 
the future global demand for food protein. This study aimed to examine 
hydrolytic enzymes and lactic acid fermentation as tools to improve the bio-
availability, nutritional quality and technological properties of wheat bran 
proteins for food applications.
The study showed that proteolytic activity, either by endogenous or exog-
enous enzymes, was crucial for increasing protein liberation and solubilisa-
tion from wheat bran, whereas microbial activity was required for improv-
ing the nutritional quality of the proteins. The application of commercial 
carbohydrases or proteases was able to either solubilise the bran cell walls or 
the proteins from the residues of endosperm in bran but was not effective in 
liberating proteins within aleurone cells. The endogenous enzymes of wheat 
bran, activated by chemical acidification, increased the protein solubilisation 
up to 75% with a simultaneous increase in in vitro protein digestibility (from 
14% to 20%). However, bioprocessing by lactic acid bacteria (LAB), yeast 
and cell wall-degrading enzymes (Depol 761P and Viscoferm) was found as 
the most beneficial and microbiologically safe method to improve the solu-
bilisation and nutritional quality of bran proteins. This bioprocessing meth-
od resulted in a protein solubilisation of 52% and significantly improved the 
in vitro protein digestibility to 39%. 
In this work, the bioprocessing of wheat bran by LAB and yeast, with and 
without cell wall-degrading enzymes and phytase prior to the production 
of protein isolates, was found to influence the biochemical and technolog-
ical properties of the bran proteins. The bioprocessed protein isolates had 
significantly higher protein content (80%), presumably due to the degra-
dation of starch and soluble arabinoxylans during the bioprocessing. In 
general, the bioprocessing of bran resulted in a lower protein solubilisation 
of the protein isolates and had no influence on the emulsifying properties of 
the isolates in oil-in-water emulsions. However, bioprocessing by lactic acid 
fermentation together with cell wall-degrading enzymes almost doubled the 
foaming stability. Furthermore, wheat breads were made by substituting 
20% of the total energy by proteins from the isolates. Wheat breads enriched 
with the lactic acid fermented bran protein isolate was found to have the 
most optimal technological characteristics, showing delayed staling and low-
er firmness during four days’ storage in comparison to bread enriched with 
a protein isolate produced without bioprocessing.
In conclusion, by utilising lactic acid fermentation in combination with 
selected hydrolytic enzymes, the aleurone cell walls can be degraded and the 
proteins liberated for microbial modification, leading to improved protein 
bioavailability, nutritional quality and technological functionality. This study 
is the first to show the potential of using bioprocessing for the development 
of new wheat bran-based protein ingredient for food applications.
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Introduction
 
 
 
 
 
 
 
 
The global population will grow by 2.3 billion in the next 30 years and will 
need 70% more food than today (FAO 2019a). The latest report by the 
Intergovernmental Panel on Climate Change stated that global warming  
will cause more uncertainty in food production and increase global food 
insecurity (FAO 2019a). The production of animal-based protein is unten-
able at the rates produced and consumed today and should be drastically 
decreased to lower its negative environmental impacts (Willett et al. 2019). 
Nevertheless, dietary proteins are essential for life and wellbeing, thus  
protein and amino acids must be obtained from the diet since they cannot 
be synthesised from carbohydrates or fats in the body. To produce sustain-
able food and especially protein for the future global needs, the existing 
plant-based protein sources and side streams of food production need to  
be utilised more efficiently. Fortunately, the growing awareness of the envi-
ronmental and health effects of excess meat production and consumption 
has increased consumer interest towards new, sustainable plant-based  
protein alternatives.
The change from animal-based proteins into plant-based proteins has 
several technological and nutritional challenges in regard to food products 
and diets. The reasons for the underutilisation of plant proteins have been 
stated to be (1) the inferior nutritional value as compared to animal protein, 
(2) the technological functionality due to high protein molecular weight 
(MW) and poor solubility in water and (3) the high economical input to 
recover and purify the proteins (Day 2013).
Globally, wheat is the most important staple food, providing one-fifth of 
the daily calories and protein consumed (Shiferaw et al. 2013). As stated 
by Peña-Bautista et al. (2017), ‘Wheat is the most versatile grain among 
the cereals for the preparation of diverse foods, providing more calories and 
proteins to the global population than any other agricultural food’. Unfortu-
nately, wheat is used mainly as refined flour due to the superior technolog-
ical and sensory properties and better consumer acceptability of the prod-
ucts. Hence, the bran fraction that contains the majority of the nutritionally 
beneficial compounds is left out. Instead of being used as food, wheat bran 
is mainly used as feed and as raw material in biofuel production. Wheat 
bran contains up to 18% protein, making it a potential plant protein source. 
The challenge in utilising bran proteins as food is that they are located in 
the aleurone cells, surrounded by cell walls constructed of insoluble dietary 
fibre. Since the insoluble dietary fibre is not fully digested in the gastrointes-
tinal tract, the proteins within the bran matrix are not liberated nor com-
pletely digested. 
1
12
 This study focuses on the potentiality of bioprocessing with lactic acid fer-
mentation and hydrolytic enzymes to improve the liberation, bioavailability 
and technological properties of wheat bran proteins. Lactic acid fermen-
tation is an ancient and widely used method of transforming raw material 
into food products, such as bread, beer and yoghurt. In fact, fermented 
foods cover one-third of all the food consumed (Peña-Bautista et al. 2017). 
Moreover, hydrolytic enzymes are widely used in the food and agroindustry 
to improve nutritional, technological and sensory properties and the final 
quality of the product. 
Treatments with enzyme-aided lactic acid fermentation have been applied 
to improve the technological, sensory and nutritional properties of cereal 
brans. Studies have shown that bran bioprocessing improves the bioavaila-
bility of minerals and phenolic compounds and increases the in vitro digest-
ibility of proteins as well as improves the baking properties of bran-enriched 
breads (Lopez et al. 2001; Leenhardt et al. 2005; Lioger et al. 2007; Anson 
et al. 2009; Katina et al. 2012; Coda et al. 2014a; 2014b; Hartikainen et al. 
2014). Despite several studies on this subject, the impact of bioprocessing 
on cereal bran protein quality, bioavailability and technofunctional proper-
ties has been poorly established, especially with wheat bran.
13
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Wheat bran side stream
 
Production and milling of wheat
Wheat (Triticum aestivum L.) is the most widely cultivated and third 
most-produced crop in the world (FAO 2019b). According to the Food and 
Agriculture Organization of the United Nations’ (FAO) database (2019b), 
the global wheat production was 740 M tons in 2017. Two-thirds of wheat 
is produced in the European Union (250 M tons), and Eastern and South-
ern Asia (133 and 138 M tons, respectively). As reviewed by Shiferaw et al. 
(2013), around 70% of all wheat produced is used as food, the rest being 
used as feed and raw material for industrial processing. Developed coun-
tries consume wheat to a larger extent, with an average of 95 kg/capita/year, 
whereas in developing countries the average consumption is nearly half that, 
56 kg/capita/year. The greatest amounts of wheat are consumed in Central 
and West Asia and North Africa, where wheat products comprise 40–47% 
of the total daily dietary energy. In Europe, the wheat consumption is 105 
kg/year/capita, providing 20% of the daily dietary intake for both calories 
and proteins. The wheat consumed as food is used almost entirely as refined 
flour, and no data are available about the global production and consump-
tion rates of whole-grain wheat or bran. Though, according to the United 
States Department of Agriculture (USDA), from the total wheat flour pro-
duced in the USA, only 5% was whole wheat flour (NASS 2018). 
The first step in transforming wheat into a food ingredient is milling. 
The aim of milling is to separate the kernel outer layers and germ from the 
starchy endosperm, due to their detrimental effects on storage, processing 
and the end-quality of products. The majority of the side streams are used 
as feed or as raw material in biofuel production but also to some extent 
in cereal-based foods to increase dietary fibre content. Several milling 
by-products are collected from different stages of common commercial 
wheat milling. The by-products are defined as coarse bran, shorts (bran 
with attached endosperm and some germ), middlings and millrun (fine and 
coarse particles of bran, shorts, germ and flour) and red dog (low-grade 
flour containing bran, germ and endosperm) (Delcour and Hoseney 2010). 
As the milling process is highly tuned for producing fine wheat flour, the 
side streams are collected without ‘standardisation’ of the final composition 
(Elliott et al. 2002). Depending on the milling technique and wheat culti-
var, the extraction rate of wheat flour ranges between 73–77% (Elliott et al. 
2002). With an annual wheat production around 740 M tons, of which 70% 
is used as food, it can be calculated that up to 120 M tons of milling side 
streams are unutilised as food every year (Shiferaw et al. 2013).
 
2 
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2.1.1 
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Bran composition and structure 
The bran comprises 13–20% of the kernel weight and is composed of sev-
eral layers (Barron et al. 2011). Commonly, the layers are divided into three 
main fractions from the periphery to the centre, including the pericarp, 
the testa and hyaline layer and the aleurone layer (Figure 1) (Brouns et al. 
2012). The pericarp of bran comprises 24–38%, the seed coats 22–32% and 
the aleurone 41–64% of the bran mass (Hemery et al. 2009b; Barron et al. 
2011). The variation in the reported proportions of different layers depends 
on the fractionation methods (hand-dissected vs. biochemical markers), 
wheat cultivar and environmental impacts during cultivation.
Figure 1. The microstructure of wheat bran stained by Acid Fuchsin and Calcofluor White. 
The cell wall structures of the pericarp layer appear light green/yellow, the testa and 
hyaline layer as orange and the cell walls of the aleurone layer and endosperm as light blue. 
The proteins are visualised as red. Image courtesy of VTT Ltd/ Ulla Holopainen-Mantila.
As mentioned, the germ is also dissected during flour milling and can be 
present to some extent in bran fraction obtained from milling. The germ 
comprises 2.5–3.5% of the grain and is rich in protein (26–35%), lipids 
(10–15%), minerals and bioactive compounds (Delcour and Hoseney 
2010; Brandolini and Hidalgo 2012). Similarly, the starchy endosperm is 
not regarded as a part of the bran fraction, but remnants of endosperm are 
attached to the aleurone layer. Depending on the milling technique and 
bran particle size after sieving, the amount of starchy endosperm in the bran 
is generally between 9–16%, being higher in fine bran and lower in coarse 
bran (Antoine et al. 2004; Hemery et al. 2009a). When analysing all lay-
ers together, wheat bran contains 40–62% dietary fibre, 15–18% protein, 
6–25% starch, 3–6% lipids, 2–7% phytic acid and 3–7% ash (Table 1). In 
addition, wheat bran is rich in bioactive compounds, such as phenolic com-
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pounds, vitamins E and B and minerals (Stevenson et al. 2012). The nutri-
ent content varies between cultivars, harvesting year, growing conditions 
and the hardness of the wheat (Hemery et al. 2007). Also, the proportion of 
starchy endosperm and germ affects the chemical composition, correlating 
with increased contents of starch and lipids, respectively (Chung et al. 2009; 
Dornez et al. 2006a).
The pericarp is the first defence layer of the kernel against external mechan-
ical and pathogenic stress. It is composed of several individual layers of dead 
empty cells, including the outer epidermis, hypodermis, parenchyma, inter-
mediate cells, cross cells and tube cells. These outer layers have thick cell 
walls composed of insoluble fibre made of cellulose and highly branched 
arabinoxylan (AX) with cross-links of ferulic acid and lignin (Hemery et al. 
2007). The proteins in the pericarp are protective enzymes against patho-
gens and proteins and enzymes that strengthen the cell wall structure  
(Ring and Selvendran 1980; Jerkovic et al. 2010). The testa (i.e. seed coat) 
and hyaline layer is a hydrophobic layer completely covering the seed. The 
testa contains the majority of the seed alkylrecorcinols, acting as a protect-
ing membrane against lipid peroxidation (Landberg et al. 2008; Prückler  
et al. 2014). The hyaline layer is composed mainly of AX, with a low ara-
binose to xylose ratio (A/X ratio ~ 0.1) and with cross-links of ferulic acid 
(Antoine et al. 2003; Barron et al. 2007; Parker et al. 2005). As in the peri-
carp layer, the proteins in the testa and hyaline layer are mainly enzymes  
(Jerkovic et al. 2010). 
The wheat aleurone layer is the largest part of the bran, and it entirely 
covers the endosperm and germ (Barron et al. 2011). The aleurone layer 
acts as the nutrient storage for the seed and holds digestive endogenous 
Compound % of d.w.,  
unless otherwise stated
Bran Pericarp Testa and  
hyaline layer
Aleurone 
layer
Protein 15–18 5–6 6 17–23
Ash 3–7 2 N/A 12
Lipids 3–6 0–1 N/A 5
Total dietary fibre 40–62 49–80 N/A 45–49
Arabinoxylans 22–30 45–48 38–40 18–29
A/X ratio 0.5 1.1–1.2 0.1–0.4 0.4–0.5
Cellulose 9–12 23–24 11–14 1–2
β-glucan 2–3 3–9 4–6 12–16
Lignin 2–9 1–3 3 0.5
Ferulic acid (mg/g) 4–6 3–4 5 6–7
Alkylrecorcinols (mg/100 g) 220–400 N/A 220–400 N/A
Phytic acid mg/g 2–7 N/A N/A 7–8
Table 1. Relevant constituents of wheat bran and 
main bran fractions pericarp, testa and aleurone.*
* Values adapted from (Antoine et al. 2003; Barron et al. 2007; Dornez et al. 2006b; 
Fardet 2010; Hemery et al. 2009b, 2009a; Kamal-Eldin et al. 2009; Parker et al. 2005; 
Prückler et al. 2014) 
N/A = Not available
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enzymes for germination (Fath et al. 2000). Almost all physiologically 
beneficial compounds in bran are found in the aleurone layer. For example, 
the aleurone layer contains 80% of the minerals in the kernel, thus having 
high amounts of phosphorus, potassium, magnesium, calcium, zinc and iron 
(Buri et al. 2004). Also, it contains significant amounts of vitamins (B and 
E), phenolic compounds (ferulic acid, sinapic acid and coumaric acid) and 
sterols found in wheat (Buri et al. 2004). The aleurone layer is constructed 
of living single-layer cells surrounded by dietary fibre cell walls. The cell 
walls are rich in AX (65%) and β-glucan (30%), the rest being cellulose, 
glucomannan, structural proteins and phenolic acids (Stone 2006). In com-
parison to the A/X ratio of the pericarp and endosperm cell walls (1.1–1.2 
and 0.8–0.9, respectively), the aleurone cell walls are less substituted (A/X 
ratio 0.4–0.5) (Barron et al. 2007). However, the AX is highly esterified by 
ferulic acid, making it mostly insoluble (Antoine et al. 2003). The β-glucan 
found in the aleurone layer is enriched in the outer cell walls and at the 
endosperm-side of the layer (Regvar et al. 2011; Jääskeläinen et al. 2013). 
The aleurone cells contain one large oleosome-surrounded protein storage 
vacuole with densely packed globoids embedded in a protein matrix (Bohn 
et al. 2007; Bechtel et al. 2009; Regvar et al. 2011). The protein storage 
vacuoles contain two types of globoids, of which type I is rich in phytate and 
minerals, and type II is rich in niacin (Bohn et al. 2007; Bechtel et al. 2009; 
Regvar et al. 2011). The phytic acid-rich globoids are composed of proteins 
(46% w/w) and phytic acid (40% w/w) associated with several minerals (i.e. 
phosphorus, magnesium, potassium, iron and calcium) (Bohn et al. 2007). 
The majority of the wheat phytic acid is located in the aleurone (80%), but 
some phytic acid has been identified from the germ as well (O’Dell et al. 
1972; Fardet 2010).
Wheat bran proteins 
Traditionally, proteins have been classified according to their solubility into 
albumins (water-soluble), globulins (salt-soluble), prolamins (alcohol-sol-
uble) and glutelins (acid/base-soluble). The endosperm in wheat contains 
mainly prolamins and glutelins (also named gliadin and glutenin), whereas 
albumins and globulins are the most abundant proteins in the bran. Accord-
ing to Idris et al. (2003) and De Brier (2015), 33–40% of the wheat bran 
proteins are albumins and globulins, 11–19% gliadins and 12–26% gluten-
ins. The remaining part of the proteins (18%) cannot be solubilised by the 
Osborne solvents and is regarded as non-proteinous nitrogen and insoluble 
protein. According to De Brier et al. (2015), the gliadins in wheat bran 
mainly originates from the endosperm, thus the content depends on the 
amount of endosperm remaining in the bran fraction. 
The high content of albumins and globulins in the bran is associated 
with the nutritionally superior amino acid content of bran in comparison 
to wheat endosperm. Bran proteins contain three times more lysine and 
are rich in other essential and conditionally essential amino acids, such as 
2.2
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histidine, threonine, valine, glycine and arginine, compared to the amino 
acids found in the starchy endosperm (Shewry et al. 2009; De Brier et al. 
2015). Bran albumins and globulins contain significantly lower amounts of 
proline, glutamine/glutamic acid and phenylalanine, which are known to be 
prevalent amino acids in wheat gliadins and glutenins. 
The proteins have a multifunctional role in the seed and can be divided 
according to their role in the seed as storage proteins, structural proteins 
and enzyme proteins. Within the bran layers, the outer and intermediate 
layers contain mainly stress- and defence-related enzymes and structural 
proteins, whereas the aleurone layer contains storage protein, metabolically 
active enzymes and defence and inhibitor enzymes (Jerkovic et al. 2010). 
Since the enzyme proteins have a significant role in this study, they are dis-
cussed separately in section 2.3.
Storage proteins 
The storage proteins in bran are located in the protein storage vacuoles of 
the aleurone cells and account for 47% of the total bran proteins and up to 
66% of the proteins in the aleurone layer (Kriz 1999; Jerkovic et al. 2010; 
Meziani et al. 2012). Their role is to provide nitrogen and carbon to the 
seedling during germination. The storage proteins are globulins belonging 
to the 7S globulin family and are similar to the aleurone proteins of other 
dicotyledonous plants and vicilins in legumes (Kriz 1999). The cereal 7S 
globulins are trimeric proteins and consist of polypeptides, with an MW 
of 40,000, 50–55,000 and 70,000 g/mol (Kriz 1999; Chaquilla-Quilca et 
al. 2018). Three types of globulins have been identified from wheat bran, 
globulin-1, globulin-3 and grain softness protein-1 (Laubin et al. 2008; 
Meziani et al. 2012; Chaquilla-Quilca et al. 2018). In contrast to legumes 
and oilseeds, the storage 7S globulins are a minor class of storage proteins 
in wheat, thus not yet thoroughly characterised.
Structural proteins
The wheat aleurone cell walls contain two-times the amount of structural 
proteins (1% w/w) in comparison to the endosperm cell walls but are sim-
ilar to each other in terms of amino acid composition (Rhodes and Stone 
2002). The structural proteins in the outer layers of the wheat bran have not 
yet been characterised in detail. Yet, a small amount of structural proteins 
have been reported to be within the cell walls of the outer pericarp, likely 
forming covalent cross-links between ferulic acid and lignin (Ring and 
Selvendran 1980; Stone 2006). According to Rhodes and Stone (2002), 
the aleurone cell walls are known to contain at least three protein types: 
glycine-rich (37–86 mol%), proline-rich (11–39 mol%) and serine-rich pro-
teins (11–23 mol%). The proline-rich proteins are associated with the cell 
wall AX of a low substitution ratio. The authors suggest that the proteins are 
cross-linked to the cell wall AX and β-glucan either through ferulic acid or 
by protein-protein linkage. 
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Wheat bran enzymes 
 
Wheat bran contains a significant pool of enzymes that can be classified 
by their role as stress- and defence enzymes and enzymes functioning in 
tissue-strengthening and kernel metabolism. The metabolic enzymes are 
various hydrolases acting on the kernel compounds, such as the cell wall 
polysaccharides, protein and starch. The endogenous enzymes can be  
either present in resting grain or activated during food processes such as  
fermentation or are synthesised during germination. In this section, the 
most relevant bran enzymes regarding this thesis are reviewed – the defen-
sive enzymes and metabolic enzymes active in hydrolysing carbohydrates, 
proteins and phytic acid.
 
Defensive enzymes
The outer layers of bran contain various enzymes defending the inner ker-
nel parts. According to the comprehensive study by Jerkovic et al. (2010), 
the proteins in the outermost layer (pericarp) are mainly defensive enzymes 
against fungi and bacteria (i.e. oxalate oxidase, peroxidase and polyphenol 
oxidase). The intermediate layer has more diversity in the pool of endog-
enous enzymes, containing defensive PR proteins, such as wheatwin1 and 
chitinase, and enzyme inhibitors, such as XIP (xylanase-inhibiting pro-
teins) and TAXI (Triticum aestivum xylanase inhibitor). The majority of the 
endogenous enzymes in the aleurone layer has a role in grain metabolism 
during seed growth and development and during germination. In addition, 
the aleurone layer contains some defensive proteins such as the wheat α-am-
ylase/subtilisin inhibitor (WASI) and class II chitinase (signalling enzyme). 
Carbohydrate active enzymes
The most relevant cell wall-degrading enzymes are carbohydrate-active 
hydrolases, including xylanases, arabinofuranosidases, xylosidases and 
β-glucanases. These enzymes are most likely located in the aleurone cells 
although their exact location is not known (Dornez et al. 2006b; Vatandoust 
et al. 2012). The content of endogenous xylanases in wheat is rather low, 
but the total amount increases significantly with the presence of microbial 
xylanases in the outer layers of bran. According to Dornez et al. (2006a), 
over 90% of the xylanases in bran and almost all xylanases in the pericarp 
layer are of microbial origin, thus not endogenous to wheat (Dornez et al. 
2006a). The pH optimum of the actual endogenous xylanase has not been 
reported, but a pH of around 5 has been used in studies to examine the 
xylanase activity in wheat brans (Cleemput et al. 1997; Dornez et al. 2006a; 
2006b). The microbial xylanases are known to be most active in a pH range 
of 5–7 and the fungal xylanases in the range of 3–10 (Courtin and Delcour 
2002). The arabinofuranosidases and xylosidases act synergistically with 
the xylanases in the hydrolysis of cell wall AX. Whereas the (1,3–1,4)-β-glu-
canase in wheat is active against the cell wall β-glucan, the (1,3)-β-glucanase 
belong to the pathogenesis-related proteins, having a defensive role in the 
grain (Jerkovic et al. 2010). The activity of these carbohydrases is low in 
resting grains but increases upon germination (Brijs et al. 2009). 
Both amylases are present in developing grain, but only β-amylase is 
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present in mature grain (outlined sprouting). The major role of β-amyl-
ase is starch degradation during germination. In mature grain, half of the 
enzyme is regarded as storage protein and bound to other proteins (serpins 
and glutenins) (Brijs et al. 2009). In addition to wheat bran, β-amylase has 
been identified in the germ and endosperm as well and has a pH activity 
range from 5.0 to 6.7 (Mathewson and Seabourn 1983; Skylas et al. 2000; 
Chaquilla-Quilca et al. 2018). The activity of α-amylase is used as a quality 
indicator for cereal flours. As α-amylase activates during germination, it is 
used to evaluate the rate of the pre-harvest sprouting of cereals. The activ-
ity of α-amylase has been reported to be higher in bran and germ than in 
refined wheat flour (Dornez et al. 2006b; Every et al. 2002).
Proteolytic enzymes
The proteolytic enzymes in cereal grains have varying activities during grain 
development and germination. To clarify the nomenclature of proteolytic 
enzymes in this thesis, the term protease is used for all proteolytic enzymes, 
the term proteinase to refer endoproteases and peptidase to refer exopro-
teases. Proteases are commonly classified according to their catalytic  
mechanism into aspartic proteases, serine proteases, metalloproteases and 
cysteine proteases. 
Aspartic proteinases and serine carboxypeptidases are the main pro-
teolytic enzymes active in resting grains (Gänzle et al. 2008). In general, 
the aspartic proteinases are active in a pH range of 2.0–4.5 and the serine 
carboxypeptidases in a pH range of 4.0–6.0 (Mikola 1986; Bleukx et al. 
1998; Bleukx and Delcour 2000; Loponen et al. 2004). Galleshi and Felici-
oli (1994) characterised an aspartic proteinase from wheat bran with a pH 
optimum at 3.3. The proteinase had an MW of 66,500 g/mol and was active 
on wheat aleurone globulins. Aspartic proteinases have also been identified 
from wheat flour and commercial wheat gluten (Bleukx et al. 1998; Bleukx 
and Delcour 2000). These proteinases hydrolysed glutenin but had no or 
very low activity against wheat albumins and globulins. Serine carboxypepti-
dase characterised from wheat bran and grains has shown to have peptidase 
activities in acidic conditions, releasing aromatic amino acid residues at the 
C-terminus of polypeptides (Breddam et al. 1987; Dunaevsky et al. 1989). 
The peptidases had a weak activity on wheat gliadin when acting alone but 
increasing hydrolysis when acting synergistically with aspartic proteinase 
(Dunaevsky et al. 1989).  
Phytase
Phytases in wheat are known to be concentrated in the bran (Okot-Kotber 
et al. 2003; Bohn et al. 2007). Wheat phytases belong to phosphatases that 
hydrolyse phytic acid, liberating the bound phosphorus and other che-
lated minerals during grain development and germination. According to 
Okot-Kotber et al. (2003), the activity of phytase is influenced by growing 
locality and cultivar, being higher in red wheat (2–5 FTU/g bran) than in 
white wheat (2–3 FTU/g bran). The activity levels of phytase is significantly 
enhanced (up to 5-fold) by extraction with β-glucanase and endo-xylanase. 
Two phytases have been identified from wheat bran. Phy1 had an optimal 
activity at pH 5.6–6.0 and 45 °C (Lim and Tate 1973; Nakano et al. 1999; 
Bohn et al. 2007). The second phytase, Phy2, has been showed to have  
2.3.3 
2.3.4
20
optimum activity at pH 7.2 (Lim and Tate 1973) and at pH 5.5 at  
50 °C (Nakano et al. 1999). According to Nakano et al. (1999), both  
of the identified phytases were active against phytic acid. However,  
Phy1 also had high substrate specificity for adenosine triphosphate (ATP), 
whereas Phy2 had higher affinity towards p-nitrophenylphosphate  
and ATP than towards phytic acid. 
Challenges in utilising wheat bran proteins
Cereal bran is a potential plant protein source but cannot be efficiently 
utilised as such. The first limiting factor is the location of storage proteins 
within the aleurone cells. In general, the insoluble and impermeable cell 
wall structure surrounding the proteins hinders the extractability and bio-
availability of wheat bran proteins. Secondly, other bioactive compounds 
present in bran, such as phytic acid and dietary fibre, can form complexes 
with the protein, further limiting its bioavailability. Also, the uncontrolled 
activation of contaminant microorganisms or endogenous enzymes in bran 
can have detrimental effects during food processing. 
Dietary fibre and digestibility of proteins
Despite the well-known positive effects of dietary fibre on human health 
(Slavin 2004), the insoluble dietary fibre in wheat bran hinders the bioavail-
ability of proteins. First, the location of bran proteins inside aleurone cells 
surrounded by polysaccharide-constructed cell walls physically prevents the 
liberation of proteins within the cells and the gastric enzymes to act on the 
protein. Second, the higher content of highly branched AX, cellulose and 
lignin present in the whole bran and especially in the pericarp-rich fraction 
increases the bulking material in the gastrointestinal tract hindering the 
adsorption of bran proteins (Amrein et al. 2003; Harris et al. 2005;  
Brouns et al. 2012).
Coda et al. (2014a) reported that the in vitro digestibility of wheat bran 
proteins was linked to the particle size of bran. The highest protein digest-
ibility (38%) was obtained in bran with a particle size of 400 µm and the 
lowest digestibility, 28%, in bran with the smallest particle size (50 µm). 
Amrein et al. (2003) showed that the aleurone-rich fraction from wheat 
bran had significantly a higher overall in vitro digestibility, of 28–32% 
(carbohydrates, fat and protein), than in whole bran (13%). Similarly, 
the protein in vitro digestibility was higher in the aleurone-rich fraction 
(50–57%) in comparison with the whole bran (37%). The higher digesti-
bility of the wheat aleurone rich-fraction was also noted in a rat study by 
Harris et al. (2005). A large number of intestinal bacteria was adhered to 
the aleurone-rich fraction, leading to a formation of holes in the cell wall. 
The pericarp-rich fraction, on the other hand, had few bacteria adhered and 
still-intact cell walls. The difference in the digestibility of pericarp-rich and 
aleurone-rich fractions was explained by the differences in their cell wall 
polysaccharide compositions. 
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Phytic acid
The antinutrient effect of phytate is primarily associated with the capability 
to bind minerals in acidic conditions. Positively charged minerals, especially 
zinc, calcium, iron and magnesium, are susceptible to forming indigesti-
ble complexes with the negatively charged phosphate groups of phytic acid 
(Lopez et al. 2002; Coulibaly et al. 2011). However, phytic acid can form 
insoluble complexes with proteins as well, decreasing their solubility and 
bioavailability. Below the protein isoelectric pH (e.g. stomach conditions 
of humans), the terminal amino groups lysyl, histidyl and arginyl can be 
positively charged and form insoluble complexes with negatively charged 
phytate (Coulibaly et al. 2011). At a pH above the protein isoelectric point 
(pI), both proteins and phytic acid have a negative net charge but are able 
to form complexes through multivalent cations (Cheryan 1980). The phytic 
acid-protein complexes have also been shown to inhibit the activity of diges-
tive enzymes, namely pepsin, trypsin and amylase (Cheryan 1980; Knuckles 
et al. 1985; Li et al. 1993; Bye et al. 2013). Since phytase is lacking in the 
digestive systems of humans and monogastric animals, phytic acid is not 
degraded during digestion, thus decreasing the bioavailability of the bound 
minerals and protein (Cheryan 1980).
Positive health effects of phytic acid have also been proposed. Phytic acid 
is known to have a role as a natural antioxidant by binding iron and prevent-
ing its participation in the oxidative Fenton reaction. In the Fenton reaction, 
iron is oxidised by reacting with hydrogen peroxide (or other peroxides), 
which results in the formation of highly oxidative and damaging free radicals 
(Bohn et al. 2008). The antioxidative ability of phytic acid has been sug-
gested to be a possible inhibitor for illnesses linked to free radicals, such as 
colon cancer and kidney stones (Graf and Eaton 1990; Selvam 2002).
Despite the negative effect of phytic acid on proteins and minerals, a diet 
containing whole-grain foods (including the phytic acid) has significantly 
more positive than negative effects on overall human health (lowering the 
risk of obesity, diabetes, cardiovascular disease, etc.). The chelating effect  
of phytic acid in grains is not high enough compared to the high mineral 
and protein content, thus not overcoming the positive effects of whole grain. 
For example, rats fed with a whole-wheat diet had better animal growth 
than rats fed with refined wheat flour (Levrat-Verny et al. 1999). How-
ever, regarding wheat bran proteins, the formation of phytic acid-protein 
complexes should be taken into consideration during food processing and 
end-product quality. 
Activation of endogenous enzymes
The pool of endogenous enzymes in cereal brans can have a positive or 
negative impact on food processing and on the end-quality of products. 
For example, the excess activation of endogenous enzymes has a detrimen-
tal effect on baking properties, but the entire malting and brewing process 
is based on the activation of endogenous enzymes. As reviewed by Hem-
dane et al. (2016), high α-amylase activity can cause excess starch degrada-
tion during baking, resulting in sticky and unmanageable dough. Also, the 
excessive hydrolysis of AX by xylanases can decrease water-holding capacity, 
subsequently resulting in sticky dough and destabilises the dough foam for-
mation. Lipases can form off-flavours during storage by releasing fatty acids 
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from cereal brans (Brjis et al., 2009). Polyphenol oxidases identified from 
the outer layer of bran has been related to the darkening of wheat-based 
products (Soysal and Söylemez 2004). 
Also, the activation of proteases during bran processing can influence 
the flavour formation and interaction with other compounds. Small molec-
ular-sized peptides formed by proteolytic enzymes can cause a bitter taste 
in whole-grain products (Heiniö et al. 2012). In addition, the activated en-
dogenous proteases can hydrolyse other compounds present in food during 
processing, such as degrading the gluten in bread-making, resulting in a 
weaker gluten network (Hemdane et al. 2016).
Microbial contaminants 
In addition to purifying starchy endosperm, one aim of milling is to remove 
impurities from the flour, resulting in the redistribution and concentration 
of microbial contaminants to the milling by-products, bran and germ. As 
reviewed by Sabillon and Bianchini (2016), the microbiota of wheat grains 
is located mainly in the outer layer of the kernel (outer pericarp), com-
posed of a diversity of bacteria, yeasts and moulds. Generally, the growth of 
microorganisms in brans can be prevented by sustaining low water activity. 
However, low water activity does not remove the microbes from the mate-
rial, and they can remain in a dormant state (e.g. in the form of spores) in 
bran. In addition, the possible presence of mycotoxins can cause health risks 
in the end products. The negative effect of microbes can be significantly 
reduced by peeling, pearling and dry fractionation methods that separate 
the outer layers of kernel from the aleurone and endosperm (Hemery et al. 
2007; Katina et al. 2007). However, these methods are not in general  
industrial use, thus the presence of microbes in bran, including possible 
pathogens, should be taken into account during food processing, where  
high water content and long incubation times are used.
Technologies to improve  
cereal bran protein utilisation
Mechanical and chemical processes, as well as bioprocesses utilising 
micro-organisms, can be used to modify cereal bran for improved appli-
cability to food. These technologies, such as milling, wet-extraction and 
fermentation, can be used for increasing the yields of bran protein separa-
tion and extraction or for modifying the bran to improve the bioavailability, 
nutritional quality, and technological properties of the bran proteins. In this 
thesis, the term ‘bioprocessing’ is used for different combinations of treat-
ments applying exogenous enzymes and/or lactic acid fermentation. The 
term ‘fermentation’ refers to lactic acid fermentation.
Milling and reduction of bran particle size
Usually, the bran collected from the mill is coarse bran and, as the name 
indicates, is made of coarse particles, with an average size between 600–
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2200 µm (Zhang and Moore 1999; Greffeuille et al. 2006). The addition of 
coarse wheat bran has detrimental effects on the technological and sensory 
profile in cereal-based foods when compared to foods with refined flour 
(Hemdane et al. 2016). Decreasing bran particle size by further milling, 
grinding and sieving is as a feasible method to potentially overcome the 
negative effects of coarse bran on food quality and to increase the bio-ac-
cessibility of nutrients. Dry fractionation methods (e.g. electrostatic sepa-
ration, ultrafine grinding, air-classification and supercritical carbon diox-
ide) have been studied to separate specific layers within cereal brans and 
to enrich valuable nutrients in the fractions (Hemery et al. 2007; Hemery 
et al. 2009a; Noort et al. 2010; Sibakov et al. 2011). In wheat, fractiona-
tion methods can be used to separate the pericarp layer low in proteins to 
enrich the aleurone fraction with higher protein content (Noort et al. 2010; 
Rizzello et al. 2012a). However, dry fractionation methods have not yet 
been applied at the industrial scale.  
Although the overall protein content is not affected by milling, bran 
particle size reduction has been shown to improve the protein liberation and 
extractability and change the protein composition and nutritional profile. 
De Brier et al. (2015) used ball-milling (10 min) to improve bran protein 
extractability. Reducing bran particle size from 800 µm to 175 µm increased 
the total protein extraction yield (by Osborne fractionation) from 60%  
to 77%. The milling increased the extraction yield of albumins and glob-
ulins from 33% to 42% and of glutenins from 16% to 32% but had no 
impact on the extraction yield of gliadins. The authors concluded that 
ball-milling disrupted the aleurone cell walls, thus liberating proteins within 
this layer. Coda et al. (2014a) showed that by reducing wheat bran particle 
size from 750 µm to 50 µm, the peptide and free amino acid contents of 
bran water-soluble extracts were increased by 52% and 23%, respectively. 
Decreasing the bran particle size increases the surface area and enables 
better interaction with the solvent, that resulted in the improved solubilisa-
tion of nutrients (Hemery et al. 2011). Coda et al. (2014a) found a particle 
size of 400 µm to be optimal for in vitro protein digestibility, in which 39% 
of the proteins were digested in comparison to larger (750 µm) or smaller 
particle-sized brans (50 µm and 160 µm), resulting in protein in vitro di-
gestibility of 29–35%. Bran particle size also influenced the protein quality 
indexes (i.e. essential amino acid index, biological value, nutritional index, 
and protein efficiency ratio) that are based on essential amino acid compo-
sitions. The highest indexes were found in bran with the largest particle size 
(750 µm), and a reduction of particle size to 160 µm resulted in the most 
significant decrease of protein quality indexes, by 22–29%, except for nu-
tritional index, which was reduced the most (by 28%) in bran with a size of 
400 µm. Hemery et al. (2011) showed that wheat bran layers do not break 
down simultaneously during grinding, potentially altering the bioavailability 
of nutrients in brans with different particle sizes. For example, the interme-
diate layer in bran was not easily fragmented during grinding due to high 
plasticity and extensibility.
Wet extraction and isolation methods
In general, plant proteins have poor solubility in water, thus the most com-
mon method to obtain high protein yields form cereal side streams is wet 
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extraction by alkaline or acidic solvents. As the majority of bran proteins are 
albumins and globulins, they should be readily extractable with water and 
saline solutions. However, as discussed above, the location within bran cell 
walls hinders the extractability of these proteins. Generally, protein extrac-
tion is based on the protein pI and solvent pH: at the pH outside the protein 
pI, the protein’s electrostatic repulsion and hydration of charged residues 
favour the solubilisation of the protein (Damodaran 2008). In addition to 
extraction pH, the solubility is affected by the ionic strength, temperature 
and compounds physically limiting solubilisation. 
High extraction yields of wheat bran proteins have been obtained by  
extraction with highly alkaline solutions and by sequential extraction based 
on the Osborne fractionation into water-, saline-, ethanol- and acid/basic-sol-
uble proteins. Roberts et al. (1985) used an extraction pH of 12 followed by 
three washings with water (pH 7) to obtain a protein extraction yield of 83% 
from ground wheat bran. In the same study, a significant amount of proteins 
(72%) were also extracted with tap water at ambient temperatures (16 h) 
followed by three washings. In another study, by Idris et al. (2003), the same 
protein extraction yield (83%) from ground wheat bran was achieved by 
sequential extraction based on the Osborne fractionation. 
De Brier et al. (2015) studied several extraction methods to obtain the 
highest yield of wheat bran proteins. The extraction yield of coarse wheat 
bran proteins remained under 20% at a pH below 8 but was increased up to 
37% by increasing the extraction pH to 12. Furthermore, by adding three 
sequential extractions and elevating the temperature to 60 °C, the yield was 
increased to 55%. However, the highest protein extraction yield, 77%, was 
obtained by reducing the bran particle size by ball milling (10 min) to 175 
µm followed by sequential extraction according to the Osborne fractiona-
tion. The authors concluded that milling disrupted the aleurone cell walls, 
thus improving the liberation and extractability of the proteins within cells.
The alkaline conditions often used for protein extraction can form 
undesired complexes and compounds. For example, the formation of 
phytate-protein complexes is influenced by pH. At a pH higher than the 
protein pI, phytate-protein complexes can be formed through multivalent 
cations, but at a pH above 10, the complex dissociates, and the proteins can 
be liberated and solubilised (Cheryan 1980; Coulibaly et al. 2011). More-
over, extraction in a highly alkaline pH (above 12) can result in protein ag-
gregation and the formation of undesired compounds, such as lysinoalanine 
(Mauron 1990). Also, browning can occur during alkaline extraction from 
the reaction of polyphenols and proteins, thus possibly reducing consumer 
acceptance. Methods such as diafiltering prior to canola seed protein extrac-
tion and the separation of wheat germ proteins by reverse micelles have 
been studied to overcome the formation of undesired compounds (Xu and 
Diosady 2002; Zhu et al. 2010).
As protein extraction is often conducted in highly alkaline conditions with 
a low raw material to solvent ratio, the extracts are not applicable to food 
products as such. Precipitation and isolation methods have been applied in 
concentrating extracted proteins and to achieve a product with an accept-
able pH (4–8). Simultaneously, the other compounds, such as sugars, ash 
and polyphenols, are separated from the protein fraction. In contrast to pro-
tein extraction aiming at the highest solubility of proteins, protein isolation 
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is based on the precipitation of the proteins at the protein pI. 
Most plant food proteins exhibit pI in the range of 4–5, and a precipi-
tation pH between 4.0–5.7 has generally been used for globulin-rich plant 
materials (Hettiarachchy et al. 1996; Meinlschmidt et al. 2016b; Wang et 
al. 1999; Zhu et al. 2010). In general, cereal bran and germ protein isolates 
produced by alkaline extraction and subsequent protein precipitation have 
protein contents in the range of 67–90% and protein extraction yields of 
18–34% (Hettiarachchy et al. 1996; Prosekov et al. 2018; Wang et al. 1999). 
Despite the relatively high purity of protein isolates, the protein yields  
remain low due to the wide range of proteins in the cereal materials with 
differing pI. The use of multiple solvents has also been studied to improve 
the protein yields of isolates. As reviewed by Fabian and Ju (2011), sequen-
tial extraction by water, NaCl, ethanol and NaOH solutions can increase 
protein yield to above 90% of the rice bran protein isolate. However, apply-
ing multiple steps in the process can reduce the overall yield from the loss  
of product per extraction. 
Bioprocessing methods
 
Enzymatic treatments 
The increasing utilisation of enzymes in the food industry is based on the 
economic benefits of lowering processing costs and environmental impact 
while simultaneously improving the product quality with a ‘clean-label’ 
approach (Porta et al. 2011). The main food-grade enzymes are various 
hydrolases – carbohydrases, proteases and lipases. In addition, some hydro-
lases, such as lysozymes and oxidoreductases (glucose oxidases), are used 
for food preservation (Ramos and Malcata 2011). 
The most widely used commercial or experimental enzyme preparations 
to hydrolyse cereal polysaccharides are various xylanases, β-glucanases, 
cellulases, pectinases and amylases. Usually, the commercial enzyme prepa-
rations are not ‘pure’ having only one type of enzyme activity but having 
multiple side activities, for example β-glucanases, pectinases, ferulic acid 
esterases and/or proteases that act synergistically enhancing the breakdown 
of plant polysaccharides. Furthermore, the specific enzyme and origin of the 
enzyme (fungal/bacterial) determine the functionality of the enzyme, such 
as substrate specificity, optimal pH and temperature range, and hydrolysis 
products (Courtin and Delcour 2002). These features in different enzyme 
preparations can be used for the targeted hydrolysis of cereal cell wall poly-
saccharides and modifications of the bran structure. Modifications of cereal 
brans by selected carbohydrases have been widely studied to improve the 
technological and nutritional properties of the dietary fibre fraction. For ex-
ample, the carbohydrase-treatment of cereal brans has been used to improve 
the handling, textural, sensory and nutritional properties of bran extrudates 
and bran-enriched breads (Laurikainen et al. 1998; Sanz Penella et al. 2008; 
Santala et al. 2013).
As AX is the main polysaccharide in cereal bran cell walls, xylanases are 
the most used and studied enzymes for bran cell wall degradation. Xylanas-
es randomly break down the xylose β-1,4-bonds of AX, eventually leading 
to the formation of soluble AX oligosaccharides. Generally, commercial 
xylanases are of microbial origin, and they preferentially act on AX with 
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low arabinose substitution and can be inhibited by the cereal endogenous 
xylanase inhibitors (Benamrouche et al. 2002; Dornez et al. 2009). Benam-
rouche et al. (2002) showed that 50% of the wheat bran AX can be degrad-
ed by treatment with purified bacterial xylanase. The most intense degrada-
tion was observed in the aleurone layer (low AX substitution level), where 
80% of the AX was hydrolysed, whereas the outer pericarp was unaffected 
by xylanase. Petersson et al. (2013) reported that xylanase from B. subtilis 
with β-glucanase and ferulic acid esterase side activities was the most effec-
tive in degrading wheat aleurone cell walls. Hence, the degradation of bran 
cell walls by enzymatic treatments has been applied to liberate bioactive 
compounds and proteins within the bran layers (Waszczynskyj et al. 1981; 
Faulds et al. 2003; Heiniö et al. 2012; De Brier et al. 2015). For example, 
the combined effect of xylanases and ferulic acid esterases has been used to 
liberate the phenolic compounds, such as ferulic acid, bound to bran AX 
(Faulds et al. 2003).
Enzyme treatments of cereal brans can be used to improve protein ex-
traction as well, resulting in higher protein yields with lower environmental 
impact compared to the traditional wet alkaline or acidic extraction meth-
ods (Sari et al. 2015). Table 2 presents studies on the effect of commercial 
or experimental enzymes on cereal AX solubilisation and protein extrac-
tion yield. In general, carbohydrase treatments of cereal brans in relatively 
mild conditions result in a protein extraction yield of 38.5–58%. Overall, 
only a few studies have been performed on the effect of enzymatic treat-
ment on the extraction yields of wheat bran proteins. Waszczynskyj et al. 
(1981) treated wheat bran with cellulase, hemicellulase and pectinase and 
increased the protein yield from 30% to 38.5%. In the study by De Brier 
et al. (2015), cellulase and xylanase treatment increased the protein extrac-
tion yield from 22% to 33% and 47%, respectively, and further to 68% by 
applying extraction by 1% SDS prior to the enzymatic treatment. Reising-
er et al. (2013) used hydrothermal pre-treatment followed by enzymatic 
treatment to increase wheat bran protein extraction yield to 73%. However, 
the high temperature used in the pre-treatment caused losses of free amino 
acids (lysine and arginine) to Maillard reactions and caused the formation 
of undesired compounds, such as toxic furfural. Jodayree et al. (2012) used 
commercial carbohydrase preparations – Viscozyme L, α-amylase, amyloglu-
cosidase and Celluclast – to improve the protein content of oat bran protein 
isolates. The results showed that an amyloglucosidase pre-treatment for 3.5 
h at 45 C resulted in the highest increase of protein content, from 54% to 
82%, in the oat bran protein isolate. α-amylase and Viscozyme L pre-treat-
ments also significantly increased the protein content of the isolates, up to 
70–72%, whereas the Celluclast pre-treatment resulted in a protein content 
similar to the control isolate without enzymatic pre-treatment (52%). Treat-
ments with cell wall-degrading enzymes in combination with other hydro-
lytic enzymes have been studied to enhance protein extraction by reducing 
the ability of proteins to interact with other compounds, such as phytic 
acid.  Wang et al. (1999) showed that the combined action of xylanase and 
phytase was more effective in increasing the protein content (from 75% to 
92%) and yield (from 34% to 75%) of rice bran isolates than the action 
of the enzymes individually (protein content 80–82% and protein yield 
55–57%). According to Hanmoungjai et al. (2002), carbohydrase 
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Table 2. Examples of treatment parameters used in  
enzyme-aided cereal bran protein extractions, the 
obtained solubilisation of AX (%) and protein extraction 
yields (%).
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treatment with cellulase, hemicellulase, pectinase or β-glucanase followed  
by peptidase treatment significantly improved the protein extraction yield  
of rice bran, from under 20% up to 50%. Also, a treatment of rice bran  
with only proteolytic enzymes (Alcalase or Flavourzyme) was effective to 
improve the protein extraction yield up to 87.6%, with a protein hydrolysis 
degree of 8.8%. 
Lactic acid fermentation of cereals
Lactic acid fermentation can be used to increase bran protein liberation and 
extractability as well as to modify the composition and nutritional profile 
of the proteins. Cereal fermentations are one of the oldest food processes 
transforming flours and grains into food products, such as bread and beer. 
Traditionally, lactic acid fermentation of cereal flour, commonly defined as 
sourdough, was started by mixing flour and water, which activated the LAB  
and yeasts naturally present in flour. The main purpose of sourdough is to 
act as a leavening agent in the dough and to improve the flavour and shelf-
life of bread. In bakeries, the traditional use of sourdough involves a proce-
dure in which the microbiota is maintained by repeated propagation (back-
slopping), and the sourdough is then used daily in bread-baking. During 
the 20th century industrialism, baker’s yeast superseded the technological 
importance of traditional sourdough due to its long fermentation procedure 
(Poutanen et al. 2009; Gobbetti and Gänzle 2013). Nowadays, in addition 
to baker’s yeast, commercial starter cultures with selected LAB strains are 
available especially for industrial baking to achieve faster and more con-
trolled cereal fermentations. 
Generally, the lactic acid fermentation of cereals is done at moderate 
temperatures (e.g. from 20 °C to > 35 °C) for variable times from 3–8 h up 
to 5 days (De Vuyst and Neysens 2005). During spontaneous fermentation, 
the most competitive microbes, LAB and yeasts, will multiply and dominate 
the microflora (Hammes et al. 2005). The LAB present in cereal fermen-
tations are typically a heterofermentative species of the genus Lactobacillus, 
most common being Lactobacillus sanfraciscensis, Lactobacillus brevis and 
Lactobacillus plantarum (Corsetti and Settanni 2007). Compared to LAB, 
the content of yeasts is significantly lower in sourdoughs: the yeast/ LAB 
ratio is around 1:100 (Corsetti and Settanni 2007). Up to 20 species of 
yeasts have been isolated from cereal fermentations, however Saccharomyces 
cerevisiae, (also used as baker’s yeast), Candida humilis, Saccharomyces exiguus 
and Issatchenkia orientalis are the most typical yeasts present (De Vuyst and 
Neysens 2005). The microflora of cereal fermentations is influenced by 
the cereal flour, chemical composition and processing conditions, such as 
fermentation temperature, dough yield, pH, redox potential and amount 
and duration of backslopping (De Vuyst et al. 2014). During fermentation, 
the LAB metabolise the soluble carbohydrates of cereal flours (e.g. glucose 
and fructose) and produce lactic acid, CO2, acetic acid and/or ethanol. 
Furthermore, the yeasts consume glucose to produce carbon dioxide and 
ethanol. The acids produced by LAB gradually lower the pH below 5, which 
increases the solubilisation of substrates (e.g. protein and phytate) and also 
activates the endogenous enzymes present in flour (Gänzle 2014).  
The activation of endogenous enzymes depends on the pH, varying with 
specific enzymes. For example, wheat β-amylase is active in range of 
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5.0–6.7, wheat phytases 5.0–7.2 and proteases at 3.0–6.0 (Mathewson and 
Seabourn 1983; Leenhardt et al. 2005; Lim and Tate 1973; Loponen 2006). 
In turn, the activation of the endogenous enzyme pool produces nutrients 
such as fermentable sugars and nitrogen sources for microbial metabolism. 
The combined action of endogenous enzymes, LAB and yeast modify the 
nutritional, technological and sensory properties of cereals.
As Poutanen et al. (2009) reviewed, fermentation improves the bio-
availability of minerals and bioactive compounds, such as folate, thiamine 
and riboflavin in whole grain. Cereal fermentation has also been shown to 
reduce starch digestibility, resulting in the lower glycaemic and insulin index 
of sourdough breads (Juntunen et al. 2003; Maioli et al. 2008). Further-
more, fermentation has been suggested to be a potential tool in producing 
gluten-free products by degrading gluten proteins (De Angelis et al. 2006) 
and to possibly promote gut health by specific exopolysaccharide-producing 
LAB strains (Korakli et al. 2002). 
 
Effect of bioprocessing on wheat bran proteins 
Bioprocessing methods combining the action of hydrolytic enzymes and 
fermentation by commercial starters or by specific strains of LAB and yeasts 
have recently gained more interest as a potential method for targeted mod-
ifications in cereal materials. The effects of different bioprocessing methods 
on the chemical, nutritional and bread baking properties of wheat bran are 
summarised in Table 3. 
The addition of hydrolytic enzymes can promote microbial metabo-
lism by providing fermentable substrates, subsequently causing the faster 
acidification and activation of the endogenous enzymes of bran (Coda et al. 
2014b). The combined action of added hydrolytic enzymes and endogenous 
enzymes is effective in degrading the cell walls of brans, thus improving  
the liberation and solubilisation of the bioactive compounds and nutrients 
within the layers. Nordlund et al. (2013) and Coda et al. (2014a) showed 
that the degradation of rye and wheat bran cell walls by bioprocessing were 
most evident in the sub-aleurone layer and in the endosperm side of the 
aleurone layer. 
The breakdown of cell walls was more extensive with the addition of cell 
wall hydrolysing enzymes than with fermentation alone. In addition to mod-
ifications in the bran polysaccharides, the fermentation-induced activation 
of endogenous proteases liberates and increases bran protein solubilisation, 
ultimately modifying and improving their bioavailability. Nordlund et al. 
(2013) observed that bioprocessing by fermentation with baker’s yeast in 
combination with Grindamyl A 1000 (α-amylase) and Depol 740L (main-
ly xylanase, endoglucanase and β-glucanase) partly liberated the proteins 
from the aleurone cells in rye bran and increased the water-soluble protein 
content from 32% to 53%. Coda et al. (2014b) reported a small but signif-
icant increase of soluble protein content (from 18–19% to 20–21%) in the 
water/salt fraction of wheat bran bioprocessed either by Lactobacillus brevis 
E95612 and Kazachstania exigua C81116 alone or in combination with 
Grindamyl and Depol 740L.
The effect of different bioprocessing methods is also evident on the  
protein quality due to the proteolysis taking place during fermentation.  
As mentioned, LAB fermentation causes acidification, which activates  
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Bioprocessing Effects Reference
LAB fermentation •  Increased content of total phenols,  
antioxidant and phytase activities,  
content of soluble dietary fibre  
(SDF) in breads
•  Improved in vitro protein digestibility,  
nutritional and glycaemic indexes in bread 
•  Improved bread properties  
(hardness, volume)
Pontonio et al. 2017 
LAB fermentation or  
yeast fermentation
•  Increased contents of total free amino 
acids and total phenols, phytase activity 
and in vitro protein digestibility
•  Decreased antioxidant activity, phytic  
acid content and starch hydrolysis rate 
•  Improved bread texture (loaf volume,  
hardness, resilience, fracturability)
Rizzello et al. 2012a 
Leenhardt et al. 2005
LAB and yeast  
fermentation
•  Increased contents of WEAX  
and ferulic acid, decreased  
content of phytic acid
Manini et al. 2014 
Katina et al. 2006
Yeast fermentation 
with and without 
starch- and cell wall- 
hydrolysing enzymes
•  Increased contents of protein, SDF,  
WEAX and free ferulic acid
•  Decreased contents of total dietary  
fibre, insoluble dietary fibre and β-glucan
•  Improved in vitro protein digestibility,  
catabolism of carbohydrates and  
bioaccessibility of phenolic compounds
•  Improved bread texture  
(volume and hardness)
Anson et al. 2009  
Hartikainen et al. 
2014  
Nordlund et al. 2013
LAB and yeast  
fermentation  
with and without 
starch- and cell  
wall-hydrolysing 
enzymes
•  Increased antioxidant and phytase  
activities, solubility of AX, contents of  
protein, peptides and total free amino 
acids and in vitro protein digestibility  
• Decreased content of starch 
• Improved dough stability and bread prop-
erties (loaf volume, flavour and shelf-life) 
Coda et al. 2014a, 
2014b
Spontaneous  
or yeast  
fermentation with 
and without LAB
•  Increased contents of folates, phenolic 
acids and WEAX,
•  Improved bread texture (loaf volume, 
crumb structure and shelf-life)
Katina et al. 2012a 
Salmenkallio- 
Marttila et al. 2001
Xylanase or LAB  
and yeast  
fermentation
∙  Increased soluble protein content,  
retarded post-prandial glucose and  
insulin responses
Lappi et al. 2010
Table 3. Examples of different combinations of bioprocessing methods by microbial  
fermentation and hydrolytic enzymes on chemical, nutritional and technological properties 
of wheat bran and wheat bran-enriched breads in comparison to native bran or bread  
with added native bran. 
the endogenous enzymes. The enzymes hydrolyse proteins into peptides, 
which are further degraded into amino acids by the intracellular peptidases 
of LAB (Gobbetti and Gänzle 2013).
The hydrolysis of bran proteins can be reflected in the nutritional prop-
erties of wheat bran as shown in the studies by Nordlund et al. (2013) and 
Coda et al. (2014a). According to Nordlund et al. (2013) bioprocessing 
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with baker’s yeast, Grindamyl A1000 and Depol 740L significantly im-
proved the in vitro protein digestibility of rye bran, being completely digest-
ed after pepsin treatment for 180 min. In comparison, the in vitro digest-
ibility of native rye bran protein was significantly lower, at 75%. Since no 
significant acidification of the bran occurred during fermentation, the au-
thors concluded that the bioprocessing improved the release and solubilisa-
tion of proteins from the aleurone layer rather than degrading the proteins.
In the study by Coda et al. (2014a), in addition to utilising two biopro-
cessing methods (fermentation with L. brevis E95612 and K. exigua C81116 
alone or in combination with Grindamyl and Depol 740L), the effect of 
bran particle size (from 50 µm to 750 µm) was included in evaluating the 
nutritional quality of the bran proteins. The results showed that the peptide 
content increased from 33–51 mg/kg to 43–63 mg/kg by fermentation and 
further to 65–80 mg/kg by fermentation in combination with enzymes as a 
consequence of the activation of endogenous enzymes and the proteolytic 
activity of microbes during the bioprocesses. Similarly, the free amino acid 
content increased from 2300–3000 mg/kg to 2700–3300 mg/kg by fermen-
tation and to 4000–4400 mg/kg by bioprocessing with fermentation and 
enzymes. The protein hydrolysis was also reflected in the nutritional quality. 
The in vitro digestibility of the bran proteins showed a small but significant 
increase, from 39% to 40%, by the treatments of 400 µm sized bran with 
fermentation alone and was further improved to 43% when the enzymes 
were combined with fermentation. A similar trend was also obtained in 
the calculated nutritional indexes of the bioprocessed brans. Fermentation 
alone increased the essential amino acid (EAA) index (ratio between the 
EAA of test and reference protein EAA) by 5–10% and in combination 
with added enzymes by 7–13%. The biological value indicating the utilis-
able fraction of the protein was increased by 7–12% by fermentation and 
11–16% by both fermentation and enzymes. Furthermore, protein efficien-
cy ratios (protein quality based on leucine and tyrosine) and nutritional 
indexes (EAA and protein quantity in combined) increased by fermentation 
0–8% and 5–17%, respectively, and by fermentation with enzymes 2–18% 
and 12–24%, respectively.  
Plant proteins are also precursors of bioactive peptides, which are spe-
cific sequences of peptides encrypted on the native proteins and released 
by digestive proteases or by microbial and endogenous proteases activated 
during fermentation (Gobbetti and Gänzle 2013). Bioactive peptides can 
exert a positive impact on health, reducing the risks of chronic diseases 
or improving the digestive, immune and nervous system (Korhonen and 
Pihlanto 2006). The lactic acid fermentation of germ and whole wheat has 
been shown to liberate bioactive peptides, such as ACE-inhibitory peptides 
and peptides with antioxidant activities as well as a non-protein amino acid 
γ-aminobutyric acid (GABA) (Coda et al. 2012; Rizzello et al. 2008). These 
bioactive compounds potentially improve health by regulating blood pres-
sure, lowering blood cholesterol and acting as anticarcinogenic compounds 
(Rizzello et al. 2012b; Udenigwe and Aluko 2012). 
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Technofunctional properties of plant proteins
The high demand for plant-based protein alternatives has increased the 
research and development of functionally comparable plant protein ingredi-
ents as potential replacements for animal-sourced protein foods. The major 
challenges in utilising plant proteins are the lower nutritional value com-
pared to animal proteins and difficulties in optimising the functionality of 
the proteins (i.e. low solubility of the proteins) as well as the low purity of 
the obtained protein fractions (i.e. presence of starch, dietary fibre, lipids) 
(Day 2013; Sozer et al. 2017). The industrially produced wheat-based 
protein ingredients are manufactured mainly from the gluten fraction and 
used in flour fortification. Moreover, the unique technological proper-
ties of wheat gliadins and glutenins have been widely studied, whereas the 
water-soluble protein fractions of wheat bran are not yet well characterised. 
The functional properties of proteins, such as solubility; thermal stability; 
emulsifying, gelling and foaming properties, affect the processing, storage 
and end-product quality of foods, thus determining their applicability to 
food systems. The molecular composition and structure of proteins regulate 
the functional characteristics of the individual proteins and their interaction 
with each other and other compounds (e.g. carbohydrates, lipids, gases, 
salts and water). Also, the surrounding environment, such as temperature 
and pH, changes the protein structure and affects the functional properties 
during food processing.
The solubility of proteins is a prerequisite for protein functionality, in-
fluencing other characteristics such as the emulsifying, foaming and gelling 
properties and behaviour in food applications (Kinsella and Melachouris 
1976). In general, cereal proteins have low solubility at pH 5–7, which is in 
range of common food products (Sozer et al. 2017). In a study by Idris et 
al. (2003), wheat bran protein isolates were made by wet-alkaline extraction 
and isoelectric precipitation, and the technofunctional properties of the pro-
teins were evaluated as a function of pH and salt concentration. The protein 
isolates had higher protein solubility, emulsifying and foaming properties 
(capacity and stability) in alkaline conditions than in acidic conditions. The 
addition of 1M NaCl improved the emulsifying and foaming capacities 
at pH 8. However, at pH 5.5, close to the precipitation pH of the protein 
isolates, the protein solubility, emulsifying capacity and foaming properties 
(capacity and stability) were the lowest. Furthermore, the protein isolates 
had comparable water- and oil-holding capacities to those of other plant 
proteins but no gelling properties.
Lactic acid fermentation and enzymatic treatments have been studied as 
a potential method to improve the technofunctional properties of plant pro-
teins, for example, from oat bran, rice bran, lupine, hemp, and soy (Wang 
et al. 1999; Guan et al. 2007; Yin et al. 2008; Meinlschmidt, et al. 2016b; 
2016a; Klupsaite et al. 2017; Prosekov et al. 2018). Enzymatic treatments 
with carbohydrases or proteases have been shown to increase the protein 
solubility of protein isolates when compared to isolates prepared without 
enzymatic treatments (Table 4). In a study by Prosekov et al. (2018) the 
carbohydrase pre-treatment of defatted oat bran increased the protein sol-
ubility of protein isolates by removing the concomitant starch and dietary 
fibres form the isolate. The carbohydrase pre-treatments have also been 
reported to either have no effect or to selectively improve the functional 
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properties of isolated cereal proteins, such as water-holding capacity and 
foaming properties (Prosekov et al. 2018; Wang et al. 1999). 
Protein hydrolysates have been increasingly studied to obtain protein and 
peptide products with improved technofunctional and/or bioactive proper-
ties. The controlled partial hydrolysis of plant proteins has been performed 
on the protein isolate, in contrast to the carbohydrase treatments done prior 
to protein isolation. In general, the hydrolysates have increased protein 
solubility in comparison to native proteins (Guan et al. 2007; Meinlschmidt 
2016b). The partial hydrolysis disrupts the tight protein structure, expos-
ing more charged and polar areas to the surface for interactions with water 
(Guan et al. 2007). The technofunctional properties of the protein hydro-
lysates have been shown to be dependent on the hydrolysis rate and pH as 
well as the proteolytic enzyme used. Vioque et al. (2000) reported that the 
lowest degree of hydrolysis by Alcalase and endoprotease (3.1%) was most 
Raw  
material
Treatment End  
product
Protein  
solubility
WHC / 
OHC1
Emulsifying 
properties 
(EA /ES)2
Foaming 
properties 
(FA/FS)3
Reference
Defatted 
oat bran
Amyloglucosidase 
prior isolation 
Protein 
isolate
+ + / - N/A4 + / - Prosekov  
et al. 2018
Rice bran Xylanase +  
phytase prior  
to isolation
Protein 
isolate
+ N/A4 Not  
altered
Not  
altered
Wang  
et al. 1999
Defatted 
rapeseed 
protein 
isolate
Alcalase and  
endoprotease  
(3.1–7.7% DH5)
Protein  
hydrolysate
+ / + + / + + / - Vioque  
et al. 2000
Defatted 
oat bran 
concen-
trate
Trypsin  
(4.1, 6.4% and  
8.4% DH5)
Protein  
hydrolysate
+ + / - + / + and - 
(pH depend-
ent)
+ / - Guan  
et al. 2007a
Soy protein 
isolate
Several  
proteolytic  
enzymes  
(2–13% DH5)
Protein  
hydrolysate
+ -/+ + / - + / - Meinlschmidt 
et al. 2016b
Soy protein 
isolate
LAB fermentation Fermented 
protein 
isolate
+ (pH 4), 
- (pH 7)
+ / + - / N/A4 +/ Not  
altered
Meinlschmidt 
et al. 2016a
Defatted 
lupine 
wholemeal
LAB fermentation 
prior isolation of 
proteins
Fermented 
protein 
isolate
+ + / - + / + Klupsaite  
et al. 2017
Table 4. Examples of effects of enzymatic and 
microbial bioprocessing methods on the functional 
properties of plant-based protein concentrates 
and isolates.
1 WHC: water-holding capacity, OHC: oil-holding capacity  
2 EA: emulsifying activity, ES: emulsifying stability  
3 FA: foaming activity, FS: foaming stability 
4 N/A = not analysed  
5 DH: degree of hydrolysis
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optimal in increasing whippability, foam capacity, water and oil absorption 
and  the emulsifying properties of rapeseed protein hydrolysate. In contrast, 
Guan et al. (2007) obtained the highest water-holding capacity and emulsi-
fying and foaming capacities of oat protein hydrolysate with the highest de-
gree of hydrolysis (8.3%) in comparison to oat proteins with a lower degree 
of hydrolysis (0.0–6.4%). However, these properties were dependent on pH 
and, close to the protein pI, the hydrolysates showed the highest foaming 
and emulsifying capacities but the lowest stability. 
Meinlschmidt et al. (2016b) noted that the changes in the technolog-
ical properties of hydrolysed soy protein isolates were dependent on the 
proteolytic enzyme preparation used, although all protease treatments 
improved emulsifying and foaming capacities. In addition, the commercial 
enzyme preparation used influenced the sensory profile of the soy protein 
hydrolysate, resulting in, for example, an increased intensity of bitterness 
(Alcalase treatment) or a reduced intensity of astringent and beany flavours 
(Papain treatment). In another study, by Meinlschmidt et al. (2016a), the 
effect of lactic acid fermentation on the technological properties of a soy 
protein isolate was evaluated. The fermentation had similar effects to treat-
ments with proteolytic enzymes, improving protein solubility, water- and 
oil-holding capacities and foaming capacity. Furthermore, the sensory pro-
file of the isolate was improved with decreased bitter and beany off-flavours. 
Klupsaite et al. (2017) studied the effect of the pre-fermentation of lupine 
flour on the technofunctional properties of a lupine protein isolate. The 
lactic acid fermentation longer than 24 h decreased the total protein content 
but increased the soluble protein content in lupine. Altogether, the emul-
sifying and foaming properties were improved at pH 8 by the fermentation 
pre-treatment. In another study, by Chinma et al. (2014), spontaneous or 
yeast fermentation was used prior to the production of rice bran protein 
concentrate by alkaline extraction and protein precipitation. The pre-fer-
mentation of rice bran increased the protein content in the concentrates 
from 66% to 73%. In general, the fermented rice bran protein concentrates 
had improved water absorption, nitrogen solubility and foaming and emulsi-
fying properties in comparison to protein concentrate made without pre-fer-
mentation. In particular, the yeast-fermentation improved these features to 
a greater degree than did spontaneous fermentation.
Plant protein isolates in bakery products
Plant-based proteins can be used in bakery products to improve nutritional 
quality (e.g. protein content or essential or restricting amino acids contents) 
or to substitute animal-based proteins, such as eggs. Although the knowl-
edge on the technofunctional properties of plant-based protein isolates can 
be used as a prerequisite for food applications, significantly less is known 
about the actual performance of cereal-based protein isolates in bakery 
products. Nevertheless, some studies have been made on applying protein 
isolates and concentrates, such as from rice bran, soy, pea, lupine, sesame 
seed and sunflower meal, to breads and biscuits (Paraskevopoulou et al. 
2010; Yadav et al. 2011; Ziobro et al. 2013; Majzoobi et al. 2014; Shchek-
oldina and Aider 2014; Chinma et al. 2015). 
 In a study by Paraskevopoulou et al. (2010), the supplementation of 
wheat flour in bread by 5% or 10% with a globulin-rich or albumin-rich 
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lupine protein isolate (protein content higher than 92%) had significant 
changes in dough rheology and baking performance. The addition of a glob-
ulin-rich protein isolate significantly increased water absorption and dough 
development time and stability but decreased elasticity. Similar changes in 
the physical properties of dough have also been reported by other authors, 
with breads substituted by lupine and sesame seed concentrate and isolates 
(substitution to the protein content of 15–20% in bread dough) (El-Adawy 
1997; Mubarak 2001). Applying an albumin-rich lupine protein isolate sig-
nificantly increased dough development time and stability but had no effect 
on dough water absorption and decreased dough elasticity only at the 5% 
addition level. These changes in dough rheology by the concentrates were 
suggested to be caused by possible interactions with gluten proteins and by 
the differences in protein hydration and level of water competition between 
the two protein types. 
The addition of protein concentrates and isolates has been reported to 
also change the texture and sensory profile of bread. In general, breads 
supplemented by legume-, seed- or cereal-based concentrates or isolates 
have a decreased loaf volume and an increased bread hardness, gumminess 
and chewiness compared to wheat bread (El-Adawy 1997; Jiamyangyuen 
et al. 2005; Paraskevopoulou et al. 2010; Chinma et al. 2015). The changes 
in bread characteristics were intensified by increasing the amount of added 
protein concentrate or isolate. The lower volume in isolate/concentrate-en-
riched breads has been associated with the dilution of the gluten network 
(El-Adawy 1997; Chinma et al. 2015), and, to confirm the theory, Paras-
kevopoulou et al. (2010) added extra gluten to breads enriched with lupine 
protein isolates to compensate the substituted gluten. The addition of extra 
gluten to the level of the control wheat bread increased the loaf volume, 
however it still remained lower than that of the control wheat bread. The 
authors concluded that the smaller loaf volume in isolate-enriched breads 
was not only caused by gluten dilution but also by the isolate particles me-
chanically disrupting the gluten network. Without extra gluten, the hardness 
of isolate-enriched breads seemed to be more linked to the substitution 
level rather than to the protein type added (albumin/globulin). However, 
breads containing an albumin-rich lupine protein isolate had significantly 
lower bread firming during 24 h and 48 h storage compared to wheat bread 
and bread with a globulin-rich lupine protein isolate. The firming was even 
greater reduced when extra gluten was added to bread, indicating synergis-
tic actions between the lupine albumins and gluten in inhibiting amylopec-
tin retrogradation and improving water-retention capacity. To overcome the 
negative impacts of protein isolates on bread characteristics, Chinma et al. 
(2015) used spontaneous or yeast-fermentations as a pre-treatment for pro-
ducing rice bran protein isolates. The addition of 10% of fermented isolates 
resulted in breads comparable to wheat bread in terms of sensory profile 
(i.e. colour, texture and flavour) and volume. Higher levels of fermented 
rice bran isolates (15%) resulted in significantly increased bread hardness 
and darker crumb and crust colour and decreased the overall scores in sen-
sory profile (such as flavour, colour and texture). No significant differences 
were observed in the sensory profile between the two differently fermented 
rice bran protein isolates.
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Aims of the study
 
 
 
 
 
 
 
 
Wheat bran is a potential raw material for the production of plant-based 
protein ingredient that is currently underutilised due to challenges in regard 
to the bioavailability and technological properties of the proteins. Studies of 
bran processing have been mainly focusing on the enzymatic and microbial 
modifications in the dietary fibre fraction and the process applications of 
whole bran in food products. However, limited research has been conducted 
on modifications in the bran protein fractions during bioprocessing with 
enzymes and/or microorganisms. Even fewer studies have been performed 
on the bioprocess-induced modifications in the technofunctional properties 
of wheat bran protein isolates. The use of lactic acid fermentation together 
with hydrolytic enzymes could be an efficient tool to modify the biochemi-
cal composition, bioavailability and technological properties of bran pro-
teins. The main aim of this work was to examine bioprocessing techniques 
to obtain improved wheat bran protein bioavailability, nutritional quality 
and technological properties for food applications.
The objectives of the study were as follows:
1.  To examine the role of lactic acid fermentation and exogenous  
and endogenous enzymes both individually and in combined  
action in the liberation, solubilisation and nutritional quality of  
wheat bran proteins (I,II).
2.  To investigate how different bioprocessing methods impact  
wheat bran cell wall integrity and degradation (I, II).
 
3.  To understand the effect of wheat bran bioprocessing on the bio- 
chemical and technological properties of bran protein isolates (III).
3
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Materials and methods
 
 
 
 
 
 
 
 
A general outline of the materials and methods used in the study are 
described in this section, and the detailed descriptions can be found in the 
original publications, I–III. Three additional micrographs of native and bio-
processed wheat brans, the protein yield in the isolates and baking experi-
ments are unpublished, thus the experiments are described in detail below.
 
 
Raw materials
 
Wheat bran, enzymes and microorganisms for bioprocessing
Three batches of commercial wheat brans were used as raw material in 
studies I–III (Table 5). In publications I and II, the bran was milled with 
Turborotor technology (Mahltechnik Görgens GmbH, Dormagen,  
Germany) and had a median particle size of 160 µm and 177 µm,  
respectively. In publication II, coarse bran with a median particle size  
of 750 µm was used.
4
Table 5. Particle size and chemical composition  
of wheat bran raw materials used in the study.
1 Composition provided by the producer
Publication I II III
Producer Fazer Mills Fazer Mills Lantmännen  
Cerealia AB
Median bran  
particle size
160 µm 750 µm 177 µm
Protein 18.5% 16.0% 14.0%
Dietary fibre 47.9%1 44.3%1 54.0%1
Starch 15.4%1 16.8%1 11.5%
Fat 4.8%1 4.1%1 6.0%1
4.1
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Table 6. Enzyme preparations used for wheat bran bioprocessing.
N.d.: no activity detected
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The commercial enzyme preparations used for the enzymatic treatments  
are listed in Table 6. The enzyme activity profiles, including endo-1,4-β-
xylanase at pH 6 (Bailey et al. 1992), endo-1,4(1,3)-β-glucanase at pH 6 
(Zurbriggen et al. 1990), β-glucosidase at pH 5 (Bailey and Nevalainen 
1981), polygalacturonase at pH 5.5 (Bailey and Pessa 1990) and neutral 
protease at pH 7.5 (Matsubara et al. 1958), were determined using color-
imetric assays. The phytase activity of the phytase enzyme preparation was 
reported by the manufacturer.  
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In publication II, L. brevis E-95612 and C. humilis E-96250 from the VTT 
Culture Collection were used for controlled fermentation. In publication 
III, commercial starter culture Florapan LA4K (Lallemand, Montreal, Can-
ada) with L. brevis, L. plantarum and S. cerevisiae strains were used.
 
Ingredients for bread baking
For bread baking, wheat flour was purchased from Helsingin Mylly Oy 
(Helsinki, Finland). The flour contained 12.5 g/100 g of protein, 70 g/100 
g of carbohydrates and 2.1 g/100 g of fat, as reported by the manufacturer. 
The flour had a moisture content of 14.0 ± 1.0 g/100 g. Also, fresh yeast 
(Suomen Hiiva Oy, Lahti, Finland), shortening (Flora Culinesse, Unilever 
Oy, Helsinki, Finland), table salt (Jozo Salt, Denmark) and sugar (Dansuk-
ker, Suomen Sokeri Oy, Kantvik, Finland) were used in the baking. 
Bioprocessing treatments
 
The bioprocessing of wheat bran was performed by mixing wheat bran with 
water (I–III) or a buffer (II) in ratios of 10:90 w/v (I), 20:80 w/v (II) or 
30:70 w/v (III). All treatments, except those made by chemical acidification, 
were done using tap water without pH adjustment. In these treatments, the 
intrinsic pH was at the natural pH of bran (6.5–6.8). For treatments apply-
ing chemical acidification, the wheat bran was mixed with a lactic/acetic 
acid buffer (4:1 molar ratio, pH 4.5) instead of water (II). The bioprocess-
ing methods using different combinations of added enzymes, starters and 
antibiotics in various temperatures, times and enzyme dosages are summa-
rised in Table 7. The hydrolytic enzymes were dosed at 100 nkat/ g bran (I, 
II) or 500 nkat/g bran (III) according to their xylanase activity, except for 
Glucanase 5XL and Corolase 7089 (I), which were dosed (100 nkat/g bran) 
according to their β-glucanase and neutral protease activities, respectively. 
In addition, Phytase was dosed as 250 nkat of phytase/g bran (III). 
The bioprocessing treatments were performed at temperatures and times 
ranging from 30–37 °C and 4 to 24 h, respectively. After treatments, the 
bran-water/buffer slurries were either lyophilised (II), centrifuged followed 
by lyophilisation of the supernatant (I) or the slurries were mixed with ex-
traction solutions (II, III). All treatments had control samples designed spe-
cifically for each publication to represent the most suitable reference for the 
study. In publications I and II, control samples were made by mixing bran 
with water and lyophilising the slurry (II) or with the water-soluble fraction 
(I) without incubation and after incubation for 4–16 h (I). In publication 
III, a control bran protein isolate was produced by extracting the proteins 
from native bran, as described in the next section.
4.2
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Table 7. Summary of wheat bran bioprocessings and 
treatment conditions used (time and temperature).
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Extraction and isolation of proteins
 
In publication II, water/salt soluble extracts were prepared for the analysis 
of total solublised nitrogen, soluble protein, peptide and amino acid con-
tents and the electrophoretic patterns of proteins. The bioprocessed bran 
samples were mixed with 50 mM tris-HCl (pH 8.8) according to the mod-
ified Osborne method by Weiss et al. (1993). The samples were incubated 
for 1 h at room temperature under stirring, after which the soluble fraction 
was separated by centrifugation (20,000 g, 20 min) and finally lyophilised.   
In publication III, protein isolates were made after bioprocessing by 
alkaline extraction and isoelectric precipitation. As bioprocessing methods, 
lactic acid fermentation with and without the addition of cell wall-degrad-
ing enzymes were chosen based on the results obtained from studies I–II. 
However, as shown in study II by the electrophoretic patterns of biopro-
cessed bran proteins, the long 24 h treatment time with starter fermentation 
in combination with Depol 761P and Viscoferm caused a significant degra-
dation of proteins. Thus, to obtain good technological functionality of bran 
proteins, the optimisation of the wheat bran bioprocessing conditions was 
undertaken as pre-experiment to obtain maximal protein solubilisation but 
minimal protein hydrolysis (data not shown). The optimal conditions for 
the bioprocessing (35 °C, 8 h, 500 nkat of xylanase/g bran) according to the 
experimental design were used as prior to the production of protein isolates 
(III). Henceforth, the term ‘bioprocessed bran protein isolates’ refers to 
wheat bran protein isolates prepared after bioprocessing. Due to the pro-
duction challenges of Depol 761P by the manufacturer, the enzyme prepa-
ration was replaced by Bel’ase B210. Four protein isolates were produced: 
a native protein isolate without bioprocessing pre-treatment (Control) and 
three protein isolates bioprocessed by starters Florapan LA4K (Str), start-
ers and cell wall-degrading enzymes Depol 761P and Bel’ase B210 (StrE) 
and starters, cell wall-degrading enzymes and Phytase (StrEP). The phytase 
addition was to chosen to determine whether it could further improve the 
protein solubilisation by degrading the phytic acid present in bran. 
The bran proteins were extracted after bioprocessing or from native bran 
(control isolate) overnight with 300 mM NaOH (4 °C, bran-NaOH ratio 
1:4 w/v, pH 11.5 ± 0.2), after which the solubilised proteins were separated 
by centrifuging (20 min, 15,500 g, 21 °C). The extracted proteins were then 
precipitated by adjusting the pH to 5.5 with 2 M HCl, and the precipitated 
proteins were collected by centrifugation. Finally, the isolated proteins were 
dialysed (cut-off 14,000 g/mol, 4 °C, 3 × water change) and lyophilised. 
The bioprocessing, extraction and isolation methods in the studies are pre-
sented in Figure 2.
4.3
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Figure 2. General flowchart of the wheat bran bioprocessing, extraction and isolation 
methods and chemical analysis of samples in publications I–III. TN: total solubilised nitro-
gen content, WEP: water-extractable pentosan content, RS: reducing sugar content, SP: 
soluble protein content, FAN: free amino nitrogen content, IVPD: in vitro protein digestibil-
ity, PH: total phenol content, PHY: phytase activity, PepC: peptide content, PepA: peptides 
area, AA: total amino acid content, Prot: protein content, FS: free sugars
Bioprocessing of wheat bran
I Publication
Bran:water 10:90 w/v,
addition of enzymes, 
incubation for 4, 6  
and 16 h at 37°C
Centrifugation and 
collection of soluble 
fraction
Lyophilisation and 
chemical analysis of 
TN, WEP, RS,  
SP, FAN
III Publication
Bran:water 30:70 w/v,
addition of enzymes  
and/or starters, incuba-
tion for 8 h at 35°C
Lyophilisation of  
precipitate and chemical 
analysis of Prot, PepC, 
Fat, Starch, WEP, FS, AA
Extraction of proteins, 
300 mM NaOH at 4°C  
for overnight
Dialysis of precipitate,  
cut-off 14 000 g/mol, 
4°C
Centrifugation and  
collection of precipitate
Precipitation of proteins 
with 2M HCl to pH 5.5
Centrifugation and 
collection of soluble 
fraction
II Publication
Bran:water 20:80 w/v,
addition of enzymes and/or  
starters,incubation for  
24 h at 30°C
Lyophilisation Resuspension 
to 50 mM  
tris-HCl
Chemical  
analysis of  
WEP, RS, IVPD, 
PH, PHY 
Chemical  
analysis of  
TN, SP, PepC, 
PepA, AA
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Analytical methods 
 
Chemical composition and bran structure (I–III)
The chemical compositions of the water- (I) and water/salt-soluble frac-
tions (II) and protein isolates (III) were determined to evaluate the chem-
ical changes during bioprocessing. The content of the total nitrogen of the 
samples was analysed by the Kjeldahl (I, II) or Dumas combustion method 
(III). The total solubilised nitrogen content after treatments was calculated 
as the percentage of the solubilised nitrogen in the total nitrogen content in 
the bran (I, II). In publication III, the total protein content in the protein 
isolates was calculated using a conversion factor of 6.31 from nitrogen to 
protein, as recommended for wheat bran by the FAO (2002). 
To evaluate the hydrolysis of cell wall structure during bioprocessing, the 
contents of water-extractable (WE) pentosans (I–III) and reducing sugars 
(I–II) were analysed using the colourimetric phloroglucinol method (Santa-
la et al. 2011) and the dinitrocalicylic method (Bernfeld 1955). In addition, 
starch and free sugar contents were determined in the wheat bran protein 
isolates (III). The content of total starch was analysed spectrophotometri-
cally by AACC method no. 76–13, and the free sugar content as combined 
amounts of glucose, saccharose, fructose and maltose was analysed by 
high-performance anion exchange chromatography with pulsed amperomet-
ric detection (HPAEC-PAD). The fat content of the bran protein isolates 
was analysed using the gravimetric method (III). 
Fluorescence microscopy was used to evaluate the effect of enzymatic and 
bioprocessing treatments on wheat bran cell wall integrity and protein lib-
eration. The method was performed according to Rosa et al. (2013) with 
small modifications. The sections cut from the samples were stained with 
Calcofluor and acid fuchsin to visualise cell wall β-glucan and protein, 
respectively. The microstructure of the following samples was visualised 
as presented in study I: wheat brans incubated for 6 and 16 h without any 
enzyme addition and brans treated with Depol 761P, Viscoferm and Coro-
lase for 6 h. In addition to the visualisation of native bran, the following 
samples from study II were analysed: brans treated with both Depol 761P 
and Viscoferm at pH 6.5 for 24 h (End/Enz) and bran fermented with  
L. brevis E-95612 and C. humilis E-96250 in combination with Depol 761P 
and Viscoferm (St/Enz). The microscopic images of the samples from study 
II have not been published and are thus presented only in this thesis.  
Protein quality (I, II)
The soluble protein (II) and peptide contents (II, III) were analysed spec-
trophotometrically using the Bradford assay and ο-phtaldialdehyde method, 
respectively. The free amino acid content was determined by ion-exchange 
chromatography with a Na-cation-exchange column (II). The electropho-
retic pattern and MW distribution of the wheat bran proteins were ana-
lysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in reducing conditions (Laemmli 1970). In study I, the lyophilised 
water-soluble protein fractions were mixed with an SDS sample buffer (pH 
8.5) and pipetted according to their protein content (70 µg protein/well) to 
NuPage Bis-Tris 10% minigels. In study II, the water/salt-soluble bran 
4.4
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protein fractions were mixed with an SDS sample buffer (pH 8.5) in  
a ratio of 1:1 (v/v) and pipetted to NuPage Bis-Tris 12% minigels. The  
gels were stained with Coomassie blue overnight, after which the gels  
were destained with water.
To evaluate the nutritional quality of the solubilised bran proteins, in vitro 
protein digestibility (II) was determined based on the method by Akeson 
and Stahmann (1964). The in vitro digestibility of the proteins was calcu- 
lated as the percentage of the solubilised protein after enzyme hydrolysis  
by pepsin and pancreatin.
 Protein yield and technofunctional  
properties of wheat bran protein isolates (III)
A series of experiments were performed to evaluate the technological func-
tionality of the wheat bran protein isolates and the full description and 
results of the analysis can be found in study III. For this thesis, the protein 
yield was calculated as the percentage of protein obtained in the isolates 
from the total protein content in the bran.
The protein solubility of the wheat bran protein isolates was determined 
in a pH range of 4–8. The lyophilised protein isolates were suspended (2h) 
into a citric acid buffer (pH 4 and 5) or sodium phosphate buffer (pH 6, 7 
and 8) in a concentration of 10 mg/ml. The percentage of solubilised  
nitrogen from the total nitrogen content in isolates was analysed by the 
Dumas combustion method. 
The foaming properties of the bran protein isolates were determined 
using Dynamic Foam Analyser DFA100 (Krüss GmbH, Hamburg, Ger-
many), where 100 ml (0.3 l/min) of air was conducted to 25 ml of a bran 
protein isolate solution (0.2% w/v in potassium phosphate buffer, pH 7.4). 
The foam height and foam stability were measured for 30 min using light 
transmission through the column. Simultaneously, the evolution of the foam 
structure was recorded using the Foam Structure Module attached to the 
column at a height of 55 mm. Images of the foam were taken every 5 min 
over a 30 min following time.
Bread baking process and analysis of bread texture
The technological potential of bioprocessed wheat bran protein isolates in 
food applications was evaluated from isolate-enriched wheat breads. Con-
trol, Str and StrE isolates were added to wheat breads according to their 
protein content, substituting 20% of the total energy by proteins from the 
isolates to obtain EU Nutrition and Health Claim ‘high protein’ (EU 2006). 
For a standard, wheat bread was made without the addition of isolates 
(wheat bread). The bran protein isolates were added to bread at a substitu-
tion level of 12.2% of the flour weight (control isolate) or 9.9% of the flour 
weight (Str and StrE) based on their protein content. Since the protein 
isolates varied in fat content, the amount of added fat was adjusted to keep 
a constant level of fat in the dough recipe (3.1g/100 g dough). The optimal 
water content in the wheat bread was determined by farinograph measure-
ment and used for all breads. The bread recipes are presented in Table 8.
4.4.3
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Table 8. Bread recipes for wheat breads with added bioprocessed wheat bran protein iso-
lates. The ingredients are reported as % of flour weight (f.w.). 
1 Str: starter fermentation by Florapan LA4K
2 StrE: starter fermentation by Florapan LA4K with Bel’ase B210 and Viscoferm 
Wheat bread Control isolate 
bread
Str isolate  
bread1
StrE isolate 
bread2
Wheat  
flour
100 87.8 90.1 90.1
Protein  
isolate
— 12.2 9.9 9.9
Water 60.3 60.3 60.3 60.3
Yeast 5.0 5.0 5.0 5.0
Sugar 2.0 2.0 2.0 2.0
Salt 1.5 1.5 1.5 1.5
Fat 5.0 2.6 2.7 2.5
The doughs were prepared by mixing the ingredients for 3 min at a slow 
speed and 4 min at a fast speed with spiral mixer (Diosna SP 12F, Dierks  
& Söhne, Osnabrück, Germany). A floor time of 15 min at 35 °C (75 RH%) 
was used for the doughs (Lillnord, Topline 930, Germany), after which  
they were divided into 200-g loaves and moulded with a long moulder 
(5mm gap) (Frilado 2, Germany). The loaves were proofed in pans for  
45 min at 35 °C (75 RH%) and baked at 200 °C for 15 min, beginning  
with 15 s of steam (Sveba Dahlen S400, Sweden). The breads were cooled 
for 1 h before being weighed and stored in plastic bags for textural analyses 
performed the next day.
The loaf volume was determined using a VolScan Profiler 300 (Stable 
Micro Systems, Godalming, UK) and the specific loaf volume was calcu-
lated by dividing it by the corresponding loaf weight (AACC method no. 
2013). The bread structure was assessed after one and four days of baking 
by Texture profile analysis (TPA) using a TPA Analyzer (Stable Micro sys-
tems, UK). The breads were cut into 25-mm-thick slices, and six slices from 
the centre of the breads were measured for the mechanical characteristics. A 
TPA test was used to analyse the bread hardness and adhesiveness using a 
probe SMS P/36 (35 mm diameter), 5 kg load cell, 40% penetration depth 
and test speed of 2 mm/sec. The hardness of the breads was presented as 
Force (g) and adhesiveness as Force × time (g × s). Springiness is a unitless 
value of the ratio of the change in the original height by compression.
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Statistical analysis
 
All bran bioprocesses were made in duplicate, and each analysis was made 
at least in duplicate, meaning that the results were calculated as means of 
at least four analysis results. However, in publication III, the fat, starch and 
free sugar compositions of protein isolates were calculated as means of two 
analysis results. The data were analysed by one-way ANOVA using the sta-
tistical software IBM SPSS Statistics, version 22. A pair-comparison of the 
analysis means was done by Tukey’s test to test the significance (p < 0.05) 
between the replicates. When the response differed significantly (p < 0.05), 
it was indicated with a different letter.
4.5
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Results
 
 
 
 
 
 
 
In the first study, 11 commercial carbohydrase and protease-active enzymes 
were screened for bran cell wall degradation and subsequent increase in 
protein solubilisation. The protein solubilisation was determined after 4–16 
h of incubation, and the protein MW distribution was evaluated from the 
solubilised proteins. The contents of WE pentosans and reducing sugars 
were analysed as indicators of the bran cell wall hydrolysis during short 
incubation times (< 6 h). Based on the results obtained from WE pentosan 
and reducing sugar contents, Depol 761P and Viscoferm were chosen for 
the following study for bran cell wall degradation. In the second study, 
six different combinations of treatments by exogenous and endogenous 
enzymes and spontaneous and controlled fermentations were performed 
to evaluate their individual and combined roles in wheat bran modifica-
tions. An evaluation of the changes in bran protein quality was made, and 
the results are discussed in detail below. In the third study, wheat bran was 
bioprocessed with controlled fermentation with or without the addition of 
cell wall-degrading enzymes and phytase in optimal conditions aiming at 
maximal protein solubility with minimal proteolysis. To study the techno-
functional properties of the bioprocessed proteins, the proteins were isolated 
by alkaline extraction followed by isoelectric precipitation. Technological 
properties, such as the protein solubility and foaming properties of the 
differently bioprocessed bran protein isolates were analysed. Finally, bread 
volume and texture were evaluated from wheat breads, in which 20% of the 
total energy was substituted by proteins from bioprocessed protein isolates.
Impact of bioprocessing on bran proteins
 
Protein solubilisation (I, II)
A comprehensive evaluation was made of enzymatic treatments on mod-
ifying bran structure and improving protein solubilisation from the bran 
matrix. Without any enzyme addition, only 13% (II) and 14% (I) of the 
nitrogen was solubilised by soaking and centrifuging (time 0 h) from coarse 
and fine bran, respectively. Incubating bran for 4, 6 and 16 h without 
enzyme addition, the nitrogen solubilisation increased to 27%, 31% and 
43%, respectively (Table 9). 
In total, 11 commercial carbohydrate- or proteolytic-active enzyme  
preparations were studied to improve wheat bran protein solubilisation (I). 
5
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Using enzyme preparations with xylanase or β-glucanase as the main activ-
ity, with very low or no protease side activity, the nitrogen solubilisation of 
fine or coarse wheat bran was not significantly improved during the 4–24 h 
treatment time in comparison to bran incubated without enzyme addition. 
In these treatments, the solubilised nitrogen content varied between 28–
32%, 30–34% and 42–48% after 4, 6 and 16 h of incubation, respectively.
Table 9. Solubilised organic nitrogen content (%) of wheat bran bioprocessed  
with different combinations of commercial enzymes, endogenous enzymes and 
spontaneous and/or controlled fermentation (I, II).
1 Fine bran (160 µm), treatment temperature 37 °C
2 Coarse bran (750 µm), treatment temperature 30 °C
3 L. brevis E-95612 and C. humilis E-96250
Bioprocess Enzyme  
treatment
pH  
adjustment/ 
antibiotics /
starters
Solubilised 
nitrogen  
(%) 
Time 0 h2
 
 
 
4 h1
 
 
 
6 h1
 
 
 
16 h1
 
 
 
24 h2
Publication
No enzyme 
addition
Control 14±1 27± 2 31 ±0 43±1 I, II
Xylanase Depol 761P, Econase CE, 
Econase WBP,  Depol 740L,  
Spezyme CP
28 ± 2 32 ± 2 44 ± 2 I
β-glucosidase Novozym 188 45 ±0 45 ±1 57 ± 1 I
Polygalact- 
uronase
Viscozyme L 33 ± 1 37 ± 2 48 ± 5 I
Neutral  
protease
Corolase 7089 58 ± 2 64 ± 1 64 ± 2 I
β-glucanase Celluclast 1.5L, 
Glucanase 5 XL
30 ± 2 31 ± 1 46 ± 2 I
Xylanase + 
β-glucanase
Viscoferm 31 ± 0 31 ±1 45 ±4 I
Xylanase + 
β-glucanase
Depol 761P  
and Viscoferm
 34 ± 1 II 
Xylanase + 
β-glucanase
Depol 761P  
and Viscoferm
pH 6.5 39 ± 0 II
Endogenous 
enzymes + 
xylanase + 
β-glucanase
Depol 761P  
and Viscoferm
pH 4.5, 
antibiotics 
63 ± 1 II
Endogenous 
enzymes
— pH 4.5,  
antibiotics
75 ± 3 II
Controlled 
fermentation
— starters3 52 ± 0 II
Controlled 
fermentation 
+ xylanase + 
β-glucanase
Depol 761P  
and Viscoferm
starters3 52 ± 3 II
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Without control of the initial pH, the pH was between 6.0–6.8 in all treat-
ments after 4–6 h. After long incubation times, for 16 h and 24 h, the pH 
decreased to 3.7–4.3. To exclude the impact of the spontaneous fermen-
tation and acidification of the wheat bran, an enzymatic treatment of the 
bran was performed in a combined action with xylanase (Depol 761P) and 
β-glucanase (Viscoferm) at pH 6.5 with the addition of antibiotics (II). This 
treatment did not further improve the solubilisation of organic nitrogen in 
comparison to the same treatment without pH adjustment.  
The enzyme preparations with protease side activities, Novozym 188 and 
Viscozyme L, significantly increased the solubilised nitrogen content to 45% 
and 45%, and to 33% and 37% after 4 and 6 h of incubation, respectively. 
A longer treatment time of 16 h with Novozym 188 further improved the 
solubilisation of nitrogen, up to 57%. However, the highest solubilisation 
of nitrogen was obtained by a treatment with a  protease-active enzyme, 
Corolase 7089. After only 4 h, 58% of the organic nitrogen was solubilised, 
and the content was increased up to 64% after 6 h. Nevertheless, a longer 
incubation time (16 h) did not further improve the nitrogen solubilisation. 
In study II, six different combinations of enzymatic and microbial treat-
ments were studied to elucidate the individual roles of endogenous enzymes 
and lactic acid fermentation on wheat bran protein solubilisation. The high-
est nitrogen solubilisation, 75%, was obtained by a treatment where solely 
endogenous enzymes were activated by chemical acidification (pH 4.5) and 
where microbial growth was inhibited by antibiotics. A considerable amount 
of solubilised nitrogen (64%) was also obtained with the combined action of 
endogenous enzymes and added cell wall-degrading enzymes Depol 761P 
and Viscoferm. A wheat bran treatment with lactic acid fermentation either 
with or without cell wall-degrading enzymes led to 52% of the organic ni-
trogen being solubilised.
 Hydrolysis and in vitro digestibility  
of bioprocessed bran proteins (II)
To evaluate the hydrolysis degree of bioprocessed wheat bran, the soluble 
protein, peptide and free amino nitrogen contents of the bran soluble  
fractions were analysed (II). All bioprocessing treatments increased the 
soluble protein content, free amino acid content and in vitro digestibility of 
proteins (Table 10). In general, the enzymatic treatments for 24 h without 
microbial fermentation (End, Enz, End/Enz) had a higher content of solu-
ble proteins and peptides but a lower content of free amino acids compared 
to bioprocessing treatments applying microbial fermentation. No difference 
was found in the content of soluble proteins (11.3–11.7 mg/ml) and pep-
tides (15.0–17.7 mg/ml) between the enzymatic treatments. However, the 
content of free amino acids (2,588 mg/kg bran) and in vitro protein digest-
ibility (25.3%) was significantly higher in the treatment with solely exoge-
nous enzymes (Enz) in comparison to the other enzymatic treatments,  
End and End/Enz. 
Bioprocessing treatments with either controlled or spontaneous fermen-
tation resulted in a lower content of soluble proteins but a higher content of 
amino acids and in vitro protein digestibility in comparison to the enzymatic 
treatments. Among the fermented brans, starter fermentation with Depol 
761P and Viscoferm contained the lowest amount of soluble proteins  
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(5.8 mg/ml) but had highest free amino acid content (4,391 mg/kg bran) 
and protein digestibility (39.1%). Fermentation without hydrolytic enzymes 
resulted in a significantly higher content of soluble proteins (8.1 mg/ml) 
but significantly lower content of free amino acids (3,477 mg/kg bran) and 
protein digestibility (32.7%) compared to St/Enz. The spontaneous fermen-
tation with hydrolytic enzymes (Sp/Enz) had a content of peptides similar 
to that of the enzymatic treatments (17.2mg/ml) and the lowest free amino 
acid content and protein digestibility between the fermented brans.
Table 10. Contents of soluble protein, peptide and free amino acids and in vitro 
digestibility of bioprocessed wheat bran (II).1
1 Results with the same letter within each group and column have no statistical  
 difference (p>0.05).  Values with a differing letter have significant difference (p < 0.05).
2 Depol 761P and Viscoferm
3 Values are corrected for this thesis and differ from the original publication II.
Sample Bioprocess Soluble  
protein  
content  
(mg/ml)3
Peptide  
content  
(mg/ml)
Free amino 
acid content 
(mg AA / kg 
bran)
In vitro  
protein 
digestibility 
(%)
Control No bioprocessing 3.3a 6.9a 1,954a 14.6a
End Endogenous  
enzymes
11.7d 15.2b 2,148b 20.0b
Enz Exogenous  
enzymes2
11.3d 17.7b 2,588c 25.3c
End/Enz Endogenous and  
Exogenous enzymes2
11.7d 15.0ab 2,309b 18.4b
St Starter  
fermentation
8.1c 13.2ab 3,477e 32.7e
St/Enz Starter fermentation  
+ exogenous enzymes2
5.8b 13.4ab 4,391f 39.1f
Sp/Enz Spontaneous  
fermentation +  
exogenous enzymes2
6.4b 17.2b 2,953d 28.7d
 Electrophoretic patterns of bioprocessed bran proteins (I, II)
The electrophoretic patterns of the soluble bran proteins were charac-
terised to compare the changes in MW distribution after enzymatic and 
microbial bioprocesses. In Figure 3, the water-soluble proteins of wheat 
bran incubated for 4, 6 and 16 h without and with the addition of Corolase 
7089 (neutral protease), Depol 761P (xylanase) and Viscoferm (xylanase 
and β-glucanase) are presented (I). Bran proteins with an MW from under 
20,000 to 160,000 g/mol were detected from the SDS-PAGE gels, where 
the most intensively stained protein bands had an MW of 15,000 to 70,000 
g/mol. In the treatments without enzyme addition and with the addition of 
Depol 761P and Viscoferm, the protein profiles were very similar after  
5.1.3
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Figure 3. Electrophoretic patterns of water-soluble polypeptides of wheat bran 
incubated for 4, 6 and 16 h without enzyme addition (control), and with the addition 
of Corolase 7089, Depol 761P and Viscoferm (I). 
4 and 6 h of incubation. After 16 h of incubation, protein bands, especially 
with an MW above 25,000 g/mol, were disappeared or observed less visible 
in these treatments, showing significant proteolysis. In the treatment with 
the neutral protease Corolase 7089, almost all proteins with an MW higher 
than 40,000 g/mol disappeared after only 4 h, demonstrating a significant 
degradation of proteins by the enzyme.
Figure 4 presents the electrophoretic pattern of soluble bran proteins after 
treatments with different combinations of endogenous enzymes, added 
enzymes (Depol 761P and Viscoferm) and spontaneous or controlled fer-
mentation (II). In all treatments, the protein bands, especially those with a 
low MW (18,000 to 32,000 g/mol), were more visible than in the control 
bran. Despite the protein bands being overall more intensively stained in the 
treatment solely with Depol 761P and Viscoferm (Enz), the protein profiles 
seemed to be very similar between the enzymatically treated samples (End, 
Enz, End/Enz). Overall, the proteins with an MW of 30,000–50,000 g/mol 
were less intensively stained in the fermented brans in comparison to the 
enzymatic treatments. Starter fermentation together with Depol 761P and 
Viscoferm caused a significant disappearance of bran proteins with an MW 
higher than 30,000 g/mol, showing their hydrolysis during the treatment.
g/mol
260,000
160,000
110,000
80,000
60,000
50,000
40,000
30,000
20,000
Control  
       4        6     16h
Depol 761P  
       4        6     16h
Viscoferm  
       4        6     16h
Corolase 7089  
       4        6     16h
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 Effects of bioprocessing of cell wall integrity 
Contents of WE pentosans and reducing sugars (I–III)
The contents of WE pentosans and reducing sugars were analysed to eval-
uate the degradation of wheat bran cell walls in bioprocessing within short 
incubations. The contents of WE pentosans were chosen to be analysed 
as representing the hydrolysis products from AX. Likewise, the content of 
reducing sugars was chosen to represent the hydrolysis products derived 
from polysaccharides such as β-glucan and cellulose. Without any enzyme 
addition, the contents of WE pentosans and reducing sugars increased 
during the first 4 and 6 h of incubation, respectively, and decreased with 
longer incubation times (Table 11). Thus, the microbial activity of LAB and 
yeast in the spontaneous and controlled fermentations partly neutralised the 
effect of carbohydrases by consuming the carbohydrates. 
 
Figure 4. Electrophoretic patterns of water/salt-soluble polypeptides of control and  
bioprocessed wheat bran (24 h) (II). Control, without bioprocessing (time 0 h); End,  
endogenous enzymes; Enz, added enzymes (Depol 761P and Viscoferm); End/Enz,  
endogenous and added enzymes; St, controlled fermentation with starters; St/Enz,  
controlled fermentation with starters and added enzymes; Sp/Enz, spontaneous  
fermentation with added enzymes.
Control End  Enz  End/E  St  St/Enz  Sp/Enz
g/mol
260,000
160,000
110,000
80,000
60,000
50,000
40,000
30,000
20,000
15,000
10,000
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Table 11. WE pentosan content (%) of wheat bran bioprocessed with  
different combinations of commercial enzymes, endogenous enzymes  
and spontaneous and/or controlled fermentation (I, II).
1 Fine bran (160 µm), treatment temperature 37 °C
2 Coarse bran (750 µm), treatment temperature 30 °C
3 L. brevis E-95612 and C. humilis E-96250
4 Values are corrected for this thesis and differ from the original publication II.
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The content of  WE pentosans during the incubation times was observed to 
be rather similar among most of the bioprocessed wheat brans. Compared 
to the control bran, the addition of Depol 761P, Viscoferm and Viscozyme L 
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enzymes significantly increased the WE pentosan content in all incubation 
times (4–16 h) (I). Also, with longer incubation time (24 h), the com-
bined action of Depol 761P and Viscoferm with and without the activation 
of endogenous enzymes resulted in a significantly higher content of WE 
pentosans (3–5%) compared to the native bran (1%) (II). The other enzy-
matic bran treatments for 4–16 h increased the WE pentosan content to less 
extent or even contained less amounts of WE pentosans after the examined 
incubation time (I). With controlled fermentation or the activation of solely 
endogenous enzymes for 24 h, the WE pentosan content was 1–2% and 
similar to that of the control treatment (II). 
The content of reducing sugars in control bran followed the same trend 
as the WE pentosans by increasing during the first 6 h of incubation and 
decreasing with longer incubation time. Compared to the control incuba-
tion without enzyme addition (7 g/l), all enzyme treatments increased the 
reducing sugar content to 12–19 g/l after 4 h of incubation (I). The highest 
increase was obtained by Viscoferm treatment (19 g/l). After 6 h of treat-
ment, the bran with the addition of Viscoferm, Spezyme CP, Glucanase 5 
XL and Viscozyme L had a significantly higher content of reducing sugars 
(17–18 g/l) in comparison to the control (9 g/l). With the long 16 h incuba-
tion, most of the enzyme treatments had a lower content of reducing sugars 
compared to shorter incubation times due to microbial activity in the sam-
ples. However, a small increase was observed with the treatment of  
Viscozyme L (20 g/l) (I). The reducing sugar content was significantly 
higher in treatments for 24 h with solely enzymes, where spontaneous 
fermentation was inhibited by antibiotics. Treatments either by endogenous 
enzymes or by exogenous enzymes, Depol 761P and Viscoferm, significantly 
increased the reducing sugar content up to 30 g/l and 37 g/l, respectively. 
However, the highest reducing sugar content (46 g/l) was obtained by the 
treatment with both endogenous and exogenous enzymes (End/Enz). As 
expected, the microbial activity during the bioprocesses decreased the con-
tent of reducing sugars in the samples. The spontaneous fermentation with 
Depol 761P and Viscoferm still contained a significantly high content of re-
ducing sugars (25 g/l) compared to the control treatment (1.4g/l) although 
the content was significantly lower compared to solely enzymatically treated 
brans. The controlled fermentation with starters either with or without  
Depol 761P and Viscoferm had contents of the reducing sugars (1.6 g/l in 
St and 3.4 g/l in St/Enz) more similar to those of the control bran. 
Microstructure of wheat bran (I)
To further clarify the effects of enzymatic treatment on the structure of 
wheat bran, micrographs were taken from different brans. As controls, 
native bran and bran incubated for 6 h and 16 h were analysed for compar-
ison of bioprocessing methods. Wheat bran treated for 6 h with Depol 761P 
and Viscoferm were chosen to be analysed due to their clear impact on  
WE pentosan content and reducing sugar content, respectively. Also,  
the effect of the solely cell wall-degrading enzymes Depol 761P and Visco-
ferm after 24 h (Enz) and together with lactic acid fermentation after  
24 h (St/Enz) were evaluated. Corolase 7089 treated wheat bran (6 h)  
was chosen for analysis due to its effectiveness in significantly increasing  
the solubilised nitrogen. 
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Figure 5. Microstructure of A) native coarse wheat bran, wheat bran incubated for B) 6 h, C) 16 h 
without enzyme addition and treatments with D) Depol 761P, E) Viscoferm and F) Corolase 7089 after 
6h of incubation, and G) Depol761P and Viscoferm at pH 6.5 after 24 h, and H) Controlled lactic acid 
fermentation with Depol 761P and Viscoferm after 24 h. Sections from samples were stained with 
Calcofl uor and acid fuchsin, showing cell wall β-glucan as blue and proteins as red/reddish-brown. 
In addition, due to autofl uorescence, the pigment strand is shown as orange and the pericarp layer 
as light green and yellowish.
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Control 6h Control 16h
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Partial liberation of aleurone protein was observed with the native bran after 
6 h of incubation, shown as partially empty aleurone cells in the images 
(Figure 5).  However, a significant amount of aleurone cells were still intact 
with the proteins inside the cells. Incubation for 16 h intensified the libera-
tion of bran proteins from aleurone cells, shown as partial or even complete 
liberation of aleurone cells. Wheat brans treated with Depol 761P (Figure 
5D) and Viscoferm (Figure 5E) either separately (including spontaneous 
fermentation) or combined with the pH adjusted at 6.5 (with addition of 
antibiotics) had most of the endosperm remains released as separated par-
ticles in the analysed sample, but the proteins inside the aleurone cells were 
intact. In addition, modifications were detected in the bran aleurone cell 
walls. In the treatment with Depol 761P, the Calcofluor staining was less 
intensive on the aleurone side of the cell walls, whereas in treatments with 
the addition of  Viscoferm (Figure 5E), the staining was vague throughout 
the aleurone cell walls. In the treatment with the combined action of these 
enzyme preparations without spontaneous fermentation (24 h), the aleurone 
cell walls were deformed or disrupted especially on the endosperm side of 
bran, and partially empty cells were detected.
The treatment of bran with Corolase 7089 clearly hydrolysed the en-
dosperm proteins since they were not detected as attached in the aleurone 
layer nor as separated particles in the sample. However, the proteins within 
the aleurone cell walls remained intact. 
The most significant changes in the microstructure of wheat bran were 
detected in the bran with controlled fermentation together with the cell 
wall-hydrolysing enzymes Depol 761P and Viscoferm after 24 h (Figure 
5H). The cell walls of the aleurone layer were thinner and stained less 
intensively. Significantly more aleurone cells were deformed and disrupted 
from the endosperm side of wall in comparison to the other bran samples. 
The proteins within the aleurone cells had empty space around them, or the 
proteins were partly or completely disappeared from the cells. Also, parts of 
endosperm were present in the samples as separated particles. 
 Technofunctional properties of  
bioprocessed wheat bran proteins 
To evaluate the technological potentiality of bioprocessed wheat bran pro-
teins, the protein solubility and foaming properties of the isolated proteins 
were studied (III). In addition, wheat breads with the addition of wheat 
bran protein isolates were produced, and the effect of bran protein addition 
to bread characteristics was analysed. The produced wheat bran protein 
isolates had a protein content of 67% (control) or 80–82% (bioprocessed), 
with the rest being fat (12–23%) and carbohydrates (3–16%). The protein 
yield in the protein isolates was 45 ± 1%, 44 ± 1%, 48 ± 0% and 46 ± 2% 
in the control, Str, StrE and StrEP isolates, respectively, having no signifi-
cant difference between the control and bioprocessed protein isolates  
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Foaming properties (III)
The foaming properties of the wheat bran protein isolates were evaluated 
from an aqueous protein isolate solution (pH 7.4). Even though differ-
ences were not found in foam height between the control protein isolate 
and bioprocessed protein isolates, the foam stability was improved by bio-
processing. During the first 15 min of following time, the control protein 
isolate decayed drastically from 104 mm to 40 mm, whereas the decay of 
bioprocessed protein isolates was slower, decreasing to 60–65 mm over 15 
min (Figure 7). However, after 30 min following time, all the protein isolate 
foams were decayed to 30–40 mm of height.
The camera images showed the bubble size distribution of the foams dur-
ing the 30 min following time (Figure 8). The control foam showed degra-
dation of the bubble structure by coalescence of the bubbles during the first 
Figure 6. Protein solubility in pH 4–8 of the control wheat bran protein isolate and the isolates produced 
after bioprocessing. Control, protein isolate produced without bioprocessing; Str, protein isolate biopro-
cessed with starters (Florapan LA4K);, StrE, protein isolate bioprocessed with starters and cell wall-de-
grading enzymes Bel’ase B210 and Viscoferm; StrEP, protein isolate bioprocessed with starters, cell 
wall-degrading enzymes and Phytase.
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(p > 0.05). The detailed description of the chemical composition and bio-
chemical characteristics of the bran protein isolates is found in study III.
Protein solubility of isolates (III)
The protein solubility of bran protein isolates was analysed from aqueous 
solutions of isolates at a pH range from 4 to 8 (Figure 6). In all protein 
isolates, the protein solubility was higher in alkaline in comparison to acidic 
conditions. Overall, the control isolate made without any bioprocessing 
pre-treatment had a higher protein solubility at a pH below 7 when com-
pared to the bioprocessed protein isolates. The protein solubility of the con-
trol isolate increased gradually from 25% to 33% with increasing pH. The 
bioprocessed bran protein isolates had a protein solubility of 22–23% at a 
pH range of 4–6 and increased sharply with pH increasing above 6. The iso-
late bioprocessed with starters, cell wall-degrading enzymes (Bel’ase B210 
and Viscoferm) and Phytase (StrEP) had the most significant improvement 
of protein solubility, to 36% at pH 8.
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Figure 8. Time-dependent foam bubble structure of the control wheat bran protein isolate and the 
isolates produced after bioprocessing. In the fi gure, time zero represents the time point when all air has 
been conducted to the protein solution. Control, isolate without bioprocessing; Str, isolate biopro-
cessed with starters (Florapan LA4K); StrE, isolate bioprocessed with starters and cell wall-degrading 
enzymes Bel’ase B210 and Viscoferm; StrEP, isolate bioprocessed with starters, cell wall-degrading 
enzymes and Phytase.
Figure 7. Time-dependent total foam height of the control wheat bran protein isolate and the isolates 
produced after bioprocessing. In the fi gure, time zero is the starting point of air conduction to the pro-
tein solution. Control, protein isolate produced without bioprocessing; Str, protein isolate bioprocessed 
with starters (Florapan LA4K); StrE, protein isolate bioprocessed with starters and cell wall-degrading 
enzymes Bel’ase B210 and Viscoferm; StrEP, protein isolate bioprocessed with starters, cell wall-de-
grading enzymes and Phytase.
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Figure 9. Wheat bread and wheat breads enriched with wheat bran protein isolates. From left to right: 
standard wheat bread, control bran protein isolate-, Str protein isolate- (bioprocessed by starters) and 
StrE protein isolate-enriched breads (bioprocessed by starters and cell wall-degrading enzymes Bel’ase 
B210 and Viscoferm).
10 min of following time, after which the foam height decreased under the 
camera height and was no longer detectable. The images of the bioprocessed 
protein isolates also showed coalescence of the bubbles, but with a slower 
pace, being slowest in the StrE sample. 
Bread characteristics 
Wheat breads with the addition of bran protein isolates were prepared via 
the straight-dough method. The bran protein isolates (Control, Str and 
StrE) were added to breads according to their protein content by substitut-
ing 20% of the total energy in the breads with proteins from the isolates to 
obtain EU Nutrition and Health Claim ‘high protein’ (Figure 9). For com-
parison, standard wheat bread was baked without protein isolate addition. 
The specific volume was highest in the standard wheat bread (4.3 ± 0.0 
ml/g) and was decreased significantly by the addition of the bran protein 
isolates to 2.4 ± 0.0 ml/g (Control isolate), 2.7 ± 0.2 ml/g (Str isolate) and 
2.6 ± 0.0 ml/g (StrE isolate) (p < 0.05). No significant difference was found 
between the breads with added bioprocessed protein isolates (p > 0.05).
The textural properties of the breads during storage depended on the 
added protein isolate (Figure10). The bread with the added control isolate 
was the hardest of all the breads, and the hardness increased during four 
days’ storage from 3344 g to 5417 g. Wheat bread enriched with biopro-
cessed protein isolate had significantly lower bread hardness, and the softest 
bread was obtained by protein isolate bioprocessing with starters, Bel’ase 
B210 and Viscoferm (StrE isolate). In the bread enriched with StrE isolate, 
the bread hardness was 1318 g after 1 day of storage and was not changed 
during the 4 days of storage. Furthermore, after 4 days of baking, the hard-
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ness was comparable to the standard wheat bread, showing no significant 
difference between these breads. The bread containing the StrE isolate  
was noted as sticky and doughy during handling, which was also observed 
in the instrumental TPA analysis as a significant decrease of springiness 
and increase of adhesiveness. The springiness of the StrE isolate-containing 
bread was decreased to 0.7 after 1 day of storage and was not influenced  
by storage time. A significant adhesiveness (-306 g × sec after one and  
-263 g × sec after 4 days of storage) was found only in the bread with the 
added Str isolate. The breads containing the control isolate and Str isolate 
had significantly lower springiness compared to standard bread. However, 
no significant differences were found between isolate-enriched breads, hav-
ing springiness values between 0.89–0.91 after 1 day and 0.89–0.90 after  
4 days of storage for both breads.
Figure 10. Hardness (A), springiness (B) and adhesiveness (C) of standard wheat bread  
and wheat breads enriched with wheat bran protein isolates after one and four days  
after baking. Wheat bread, wheat bread without isolate addition; Control, added control 
bran protein isolate; Str, added protein isolate bioprocessed by starters; StrE, added  
protein isolate bioprocessed by starters and cell wall-degrading enzymes Bel’ase B210  
and Viscoferm.
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Discussion
 
Improving protein solubilisation  
by bioprocessing
The first aim of this study was to liberate wheat bran proteins from aleu-
rone cells. The study showed clearly that proteolytic activity during the 
bran treatments played a crucial role in increasing the protein solubilisa-
tion either by exogenous or endogenous enzymes. As shown in study I, the 
endogenous enzyme activity during bran treatments for 4–16 h was the key 
factor in increasing the nitrogen solubilisation and protein liberation from 
the aleurone cells. Acidification and proteolysis during lactic acid fermenta-
tion are known phenomena, where the production of lactic and acetic acids 
by microorganisms decreases the pH, resulting in the activation of endog-
enous enzymes in bran (Loponen et al. 2004; De Vuyst and Neysens 2005; 
Katina et al. 2012). The endogenous proteases, especially aspartic protein-
ase, hydrolyse the proteins, decreasing their molecular size and increasing 
their water solubility, whereas microbial peptidases hydrolyse the formed 
peptides further to amino acids (Loponen et al. 2004; Thiele et al. 2004; 
Gänzle et al. 2008).
Initially, eight commercial carbohydrase-active enzymes without or with 
very low proteolytic side activities were studied for improved bran protein 
solubility. The aim was to achieve a fast and significant degradation of bran 
cell walls that would liberate the proteins within the aleurone cells. Howev-
er, the carbohydrase-active enzymes did not further improve the nitrogen 
solubilisation during the 4–16 h of incubation time in comparison to the 
control bran incubated without enzyme addition. The micrographs con-
firmed the results, showing the majority of the aleurone cell proteins intact 
after 6 h of incubation time. Similar outcomes have been shown in previous 
studies, especially with wheat bran; however, contradicting results of car-
bohydrases in increasing bran protein solubilisation have been reported as 
well (Ansharullah et al. 1997; Tang et al. 2003; Heiniö et al. 2012; Jodayree 
et al. 2012; De Brier et al. 2015). The differing results are likely related to 
differences in enzyme preparations and treatment conditions. For example, 
several studies have shown that Celluclast and Econase CE (main activities 
β-glucanase, endoglucanase and xylanase) do not improve protein solubili-
sation from cereal brans (Ansharullah et al. 1997; Tang et al. 2003; Heiniö 
et al. 2012; Jodayree et al. 2012). However, De Brier et al. (2015) obtained 
a significant increase of solubilised wheat bran proteins, from 22% to 
33% and 47%, by treatment (4 h, 40 °C, pH 5) with cellulase or xylanase, 
respectively. The better performance of the enzyme preparations could be 
explained by the higher enzyme dosage, ~300 nkat of xylanase/g bran  
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(in comparison to 100 nkat/g bran used in study I) and the pH adjusted to 
5 at the beginning of treatment. The adjusted pH can already activate wheat 
endogenous enzymes, such as carboxypeptidases, which possibly increased 
the protein solubilisation in their study (Mikola 1986).
Enzymatic treatments with neutral protease (Corolase 7089) and carbo-
hydrases that contained higher proteolytic side activity (Viscozyme L and 
Novozym 188) were found to significantly increase nitrogen solubilisation 
from wheat bran. In previous studies, Viscozyme L (polygalacturonase with 
protease side activity) and Corolase 7089 (protease) have also been shown 
to significantly increase the solubilisation of proteins from cereal materials 
(Ansharullah et al. 1997; Tang et al. 2003; Guan and Yao 2008; Heiniö et 
al. 2012). In contrast to this study, Heiniö et al. (2012) observed no further 
improvement of rye flour protein solubilisation by Novozym 188 (β-gluco-
sidase with protease side activity), likely due to the shorter incubation time 
used (2 h). The effective solubilisation of proteins obtained with Viscoz-
yme L and Novozym 188 could be related to the same phenomena as seen 
in the micrographs of bran treated with Corolase 7089, in which mainly 
endosperm proteins were hydrolysed and solubilised. Unfortunately, no 
studies or microscopic pictures are available from the previous studies or 
the current study that would reveal the impact of these enzyme preparations 
on the wheat bran structure, in particular on the aleurone layer. 
The pericarp layer in bran contains the majority of the microbial load 
in wheat including beneficial bacteria and yeasts but also harmful micro-
organisms (De Vuyst and Neysens 2005; Katina et al. 2012; Sabillón and 
Bianchini 2016). The long incubation times used in the study (16 h) in 
uncontrolled conditions could support the growth of harmful microbes 
and moulds present in bran, and, thus, a long enzyme incubation time with 
spontaneous fermentation cannot be considered microbiologically safe for 
industrial processes (Nout 1994; Laca et al. 2006; Zhao et al. 2017). In  
order to utilise exogenous enzymes in industrial practice, further develop-
ment and improvement of commercial enzymes should be undertaken to 
obtain a faster and more efficient solubilisation of bran proteins.
A set of experiments was performed to understand the individual and 
combined roles of endogenous enzymes, microbial fermentation and cell 
wall-degrading enzymes Depol 761P (xylanase) and Viscoferm (xylanase 
and β-glucanase) on the degradation of bran cell walls and the solubilisation 
of proteins. The solubilisation of bran proteins clearly depended on the in-
cubation time at acidic pH (4.5), optimal for endogenous protease activity. 
In the treatments with pH adjusted to 4.5 already at the beginning of incu-
bation (End, End/Enz), that is, incubating the bran in acidic conditions for 
the longest time, the nitrogen solubilisation was the highest (63–75%). Also, 
controlled fermentation resulted in a high solubilisation of proteins (52%), 
presumably by the relatively fast acidification. In addition, significant rup-
ture of the bran cell walls and liberation of aleurone proteins within the cell 
walls were observed in the microstructure of bran fermented in combination 
with cell wall-degrading enzymes. The rate of acidification and pH decrease 
during fermentations depends on several factors, such as microorganisms, 
time, temperature and cereal material used (Thiele et al. 2002; Katina et al. 
2004). For example, according to Thiele et al. (2002), sourdough fermenta-
tion with LAB starters (Lactobacillus sanfraciscencis,  
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Lactobacillus pontis) decreased the pH to 4.5 within 8 h (30 °C) and 
achieved a stationary phase after 24 h with a final pH below 4. In the same 
study, yeast sourdough (S. cerevisiae and C. milleri) decreased the pH at a 
significantly slower rate, reaching a higher final pH of 4.9–5.3 within 52 
h. A sourdough with both LAB and yeast had a final pH similar to that of 
LAB sourdough (pH below 4 after 52 h) (Thiele et al. 2002). In sponta-
neous fermentations, acidification can proceed at a slower rate due to the 
competition of dominating microorganisms, and a final pH varying from 
4.2 (20–25 h, 30–32 °C) to 6.6 (20 h, 20 °C) has been reported (Wehrle 
and Arendt 1998; Katina et al. 2012).
The results showed clearly that the exogenous enzymes solubilised mainly 
proteins from endosperm still attached to the aleurone layer and proteins 
from the aleurone cells broken during milling, whereas the endogenous 
enzymes liberated and solubilised the proteins within the cells. Indeed, the 
aleurone layer contains enzymes functioning in grain metabolism and ger-
mination (Jerkovic et al. 2010). Presumably, the location of the endogenous 
enzymes and high substrate specificity towards the grain components were 
the factors making these enzymes superior in liberating bran proteins within 
aleurone cells in comparison to the exogenous enzymes. 
Proteolysis during bioprocessing
The degree of proteolysis was significantly influenced by the bioprocessing 
method. In most cases, the treatments increased the soluble protein, peptide 
and free amino acid contents but with different intensities, in comparison 
with the corresponding control sample. Generally, the treatments involv-
ing fermentation resulted in more intense protein hydrolysis, evidenced by 
a lower content of soluble protein and peptides and higher content of free 
amino acids in comparison to solely enzymatic treatments. 
Interestingly, even as the protein solubilisation was highest in bran treat-
ments with endogenous enzymes (End, End/Enz), a modest hydrolysis of pro-
teins was shown by the chemical analysis and electrophoretic patterns of these 
samples. The moderate hydrolysis of the proteins was likely associated with 
the lack of microbial activity and slightly higher final pH in these treatments 
in comparison with the bioprocesses involving fermentation. Furthermore, the 
endogenous enzymes were effective in solubilising bran proteins rather than 
causing a significant hydrolysis of them. The enzymatic treatments at pH 6.5 
(Enz) or 4.5 (End, End/Enz) activated only the endogenous enzymes opti-
mal for these pHs, and, according to Loponen et al. (2004) the proteolysis in 
chemically acidified treatments is highly dependent on the pH of the treatment. 
In the study by Loponen et al. (2004), wheat flour incubated at pH 5.2 caused 
no detectable protein hydrolysis, whereas treatment in more acidic conditions, 
at pH 3.7, caused hydrolysis of high molecular weight (HMW) glutenins by the 
activation of aspartic proteinases. The higher content of peptides and free ami-
no acids in the enzymatic treatment with Depol761P and Viscoferm at a high 
pH was likely caused by the small protease side activity of the Viscoferm.
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The bioprocess treatment with starter fermentation together with the cell 
wall-degrading enzymes Depol 761P and Viscoferm caused the most inten-
sive protein hydrolysis. Carbohydrases have also been shown in previous 
studies to intensify the impact of fermentation by providing fermentable 
sugars faster that promote the microbial growth resulting in faster acidifica-
tion (Anson et al. 2009; Coda et al. 2014a; 2014b; Hartikainen et al. 2014). 
Indeed, LAB and yeast consume peptides that are first degraded into amino 
acids by their intracellular peptidases (Gobbetti et al. 1996). The level of 
proteolysis and increase of amino acid contents depend on the pH and 
activity of endogenous enzymes, fermentation time and amino acid con-
sumption by the microorganisms (Thiele et al. 2002; Zotta et al. 2006). In 
yeast fermentations the content of amino acid increases only after a station-
ary phase has been achieved (Thiele et al. 2002), whereas in LAB fermen-
tations, the free amino acid content increases or remains constant depend-
ing on the LAB species (Thiele et al. 2002; Vermeulen et al. 2005; Zotta 
et al. 2006). In another study, by Loponen et al. (2007), the free amino 
nitrogen content increased in wheat sourdough fermented with L. brevis 
but decreased in the same wheat fermentation in which the endogenous 
enzymes were inactivated by heat treatment. The results indicated that the 
endogenous enzymes had the primary influential role in sourdough proteol-
ysis. In this study, the pH of chemically acidified samples was 4.5, whereas 
the pH of bran fermented with starters, Depol 761P and Viscoferm was 3.7 
(II). The lower final pH of the fermented bran was closer to the reported 
pH optimal for aspartic proteinases (3.0–3.5), possibly further enhancing 
the protein hydrolysis in this treatment (Bleukx and Delcour 2000; Galleshi 
and Felicioli 1994). Nevertheless, as also shown by Thiele et al. (2002) and 
by the results obtained in this study, the proteolysis of wheat bran proteins 
was more intense in the fermented samples, presumably due to both the pri-
mary proteolysis caused by endogenous enzymes and the peptidase activity 
of the microorganisms, resulting in a lower final pH, causing higher aspartic 
proteinase activity. 
Digestibility of bioprocessed proteins
The nutritional quality of bran proteins caused by bioprocessing was 
evaluated by determining the protein digestibility with an in vitro method. 
The method gives information about the susceptibility of bran proteins to 
digestive enzymes and can be used to estimate the digestibility of proteins. 
The protein digestibility obtained for native bran (15%) was lower than that 
published in previous studies, where values varying from 29% up to 38% 
have been reported (Amrein et al. 2003; Coda et al. 2014a). The variation 
of digestibility values is presumably related to differences in the analytical 
methods used and/or in the wheat bran, such as alterations in endosperm 
content and the particle size of the bran. For example, Amrein et al. (2003) 
used shorter incubation times (pepsin for 30 min, pancreatin 3 h) and a 
lower pancreatin treatment pH of 7, in comparison to this study and Coda 
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et al. (2014a), where pepsin hydrolysis was performed for 3 h and pancre-
atin hydrolysis for 24 h at pH 8. In addition, higher content of endosperm 
in bran increases the obtained value for protein digestibility, since the 
endosperm is more susceptible to enzymatic digestion (Amrein et al. 2003; 
Nordlund et al. 2013). Also, as Coda et al. (2014a) showed, the bran par-
ticle size affects the digestibility of proteins. In their study, bran with a 
particle size of 400 µm had the highest in vitro protein digestibility (39%) 
compared to smaller (29–35%) and larger sized bran (35%).  
The digestibility of wheat bran proteins seemed to be related to the 
hydrolysis degree of the proteins, increasing with more intense proteolysis. 
Without hydrolysis, as in the solely enzymatic treatments, the bran proteins 
were more resistant to digestive enzymes. The treatments with only enzymes 
significantly increased the protein digestibility when compared to control 
treatments, but the obtained values were significantly lower in comparison 
with fermented brans. Among the enzymatic treatments, the highest protein 
in vitro digestibility (25%) was obtained in bran treated by the cell wall-de-
grading enzymes Depol 761P and Viscoferm (Enz). The higher protein 
digestibility was likely due to the degradation of dietary fibre that was not 
able to retain water and act as a bulking material, subsequently enabling 
better access for the digestive proteases to act on the proteins. Although, the 
protein hydrolysis seemed to have a stronger impact in improving protein 
digestibility than the degradation of bran cell walls. As shown for legumes, 
native proteins have a compact and folded structure that is more resistant 
to proteolysis by digestive enzymes (Kakade 1974; Carbonaro et al. 2012). 
Also, the pH-shifts during enzymatic digestion (pH 2 in pepsin digestion 
followed by pH 8 in pancreatin digestion) might cause the aggregation of 
the proteins, increasing their resistance to digestive proteases.  
Bioprocessing involving controlled fermentations clearly improved the 
in vitro protein digestibility and the results are in accordance with previous 
studies (Harris et al. 2005; Di Lena et al. 1997; Nordlund et al. 2013; Coda 
et al. 2014a). The improved protein digestibility was associated with more 
intense proteolysis, which also increased the protein susceptibility towards 
digestive proteases. Moreover, the addition of hydrolytic enzymes to the 
fermentation enhanced the degradation of the bran cell walls and further 
improved the digestibility of the bran proteins. However, the changes in 
protein digestibility were higher (from 14% to 39%) than reported in the 
study by Coda et al. (2014a), where the highest increase of wheat bran 
protein digestibility was 2%, obtained by enzyme-aided fermentation with 
L. brevis E95612, K. exigua C81116, xylanase (Depol 740K) and α-amylase 
(Grindamyl 100). The lower overall impact of bioprocessing on bran protein 
digestibility could be due to the higher treatment temperature (20°C), re-
sulting in modest acidification (pH decreased from 6.2–6.7 to 5.0–5.6) and 
subsequent proteolysis, in comparison to this study.
As indicated in the literature review (2.4.2), the presence of phytic acid in 
the bran aleurone layer may hinder the solubility and enzymatic digestion of 
proteins by forming insoluble complexes with proteins. In a study by Kies 
et al. (2006), several feedstuff (e.g. corn, canola meal and rice pollards) 
formed protein-phytate complexes at pH 2 but not at pHs higher than 4. 
The pepsin hydrolysis at pH 2 used in their study was able to hydrolyse 
proteins from insoluble protein-phytate complexes but at a slower rate 
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compared to soluble protein. In this study, all bran treatments, except that 
without acidification (Enz), showed a significant increase in phytase activity. 
However, a straight correlation between phytase activity, bran protein solu-
bility and in vitro protein digestibility could not be confirmed.
Bioprocess-induced changes  
in bran cell wall integrity
To understand the degradation of bran cell walls during enzymatic and 
microbial treatments, the contents of WE pentosans and reducing sugars 
were analysed. The WE pentosans were analysed as they represent hydroly-
sis products of AX, while reducing sugars represent the overall hydrolysis of 
carbohydrates in bran. The contents of WE pentosans and reducing sugars 
were highest after 4 h and 6 h, respectively, after which they were suppos-
edly consumed by bacteria and yeast. The addition of hydrolytic enzymes 
generally increased or maintained the contents of WE pentosans and reduc-
ing sugars throughout the treatments, demonstrating the hydrolysis of bran 
polysaccharides by these enzymes (I). Based on the carbohydrate analy-
ses, Depol 761P and Viscoferm were the most effective in increasing WE 
pentosan and reducing sugar contents, respectively, and were thus chosen 
for following studies for bran cell wall degradation. Although Viscozyme L 
was found to be effective in increasing the content of reducing sugar, the 
enzyme preparation was not chosen for further studies due to its relatively 
high proteolytic side activity. 
The enzyme preparation Depol 761P has been shown to effectively 
degrade wheat and rye cell wall polysaccharides in previous studies as well 
(Santala et al. 2011; 2013; Petersson et al. 2013; Rosa-Sibakov et al. 2015). 
In addition, Viscoferm has been used successfully for hydrolysing polysac-
charides from extruded wheat bran and pectin from apple pomace (Panfilov 
et al. 2015; Wikiera et al. 2015). In this study, Depol 761P and Viscoferm 
were observed to individually hydrolyse endosperm and aleurone cell walls 
within 6 h. However, a long incubation time (24h) and the combined action 
of these enzymes were needed for the partial disruption of the aleurone 
cell walls and the liberation of proteins within the cells. The results are in 
accordance with Beaugrand (2004), showing that treatment with bacterial 
xylanase at 60 °C for 24 h caused the disruption of the aleurone cell walls. 
Indeed, Depol 761P is bacterial xylanase, and they are known to have a 
higher specificity towards AX with low substitution (Beaugrand et al. 2004; 
Benamrouche et al. 2002). 
The substitution level of AX was presumably the main factor influenc-
ing the degradation of the aleurone cell walls. As discussed in the litera-
ture review (section 2.1.1), wheat bran contains several histological layers 
with differing structures and compositions, altering their susceptibility 
towards enzymatic degradation. The cell walls in the aleurone layer and 
testa are constructed of AX with lower substitution (A/X ratio 0.1–0.5) 
in comparison to pericarp (A/X ratio ~1.2) (Barron et al. 2007). Despite 
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the endosperm cell walls having differences in structure and composition 
compared to the aleurone layer (e.g. thinner cell walls, lower β-glucan 
content and AX ratio 0.5–0.8), they are structurally closely related to each 
other, explaining their effective hydrolysis during xylanase treatment as well 
(Saulnier et al. 2012). Even though Depol 761P and Viscoferm were active 
against the aleurone cell walls, the enzymes were not effective enough for 
complete aleurone cell wall degradation, demonstrating the complex nature 
of bran cell walls and the requirement for endogenous enzyme activity for 
significant protein solubilisation.
Bran treatment activating only endogenous enzymes (End) significant-
ly increased the reducing sugar content, suggesting that enzymes such as 
β-amylases and β-glucosidases were more active than pentosanases (Gänzle 
2014; Chaquilla-Quilca et al. 2018). The combined action of endogenous 
enzymes and the addition of cell wall-degrading enzymes increased the 
release of  WE pentosans and reducing sugars, showing synergistic action 
between the enzymes on hydrolysing bran polysaccharides. The bioprocess-
ing method involving starter fermentation and cell wall-degrading enzymes 
resulted in the most intense breakdown of bran cell walls, as shown by the 
micrographs. Thus, the synergistic action of endogenous, exogenous and 
microbial enzymes was needed for the extensive degradation of bran aleu-
rone cell walls. Similar conclusions have been made with the bioprocessing 
of rye and wheat bran by fermentation with LAB and baker’s yeasts in com-
bination with starch and cell wall-degrading enzymes (Katina et al. 2012; 
Nordlund et al. 2013; Coda et al. 2014a). 
The low ability of the several studied commercial enzyme preparations to 
cause substantial degradation of bran aleurone cell walls within a short time 
(4–6 h) was likely related to (1) the complex and insoluble nature of the 
bran cell walls, (2) the structural compounds within the wall polysaccha-
rides and (3) the presence of enzyme inhibitors. 
As reported also by other authors, the pericarp layer was found to be 
resistant to enzymatic and microbial degradation, thus physically preventing 
the liberation of proteins within aleurone cells from the pericarp side of bran 
(Beaugrand et al. 2004; Benamrouche et al. 2002). Indeed, the pericarp layer 
is constructed of insoluble fibre, highly branched AX and cellulose rein-
forced with lignin and phenolic acids (Hemery et al. 2007). In more detail, 
the resistant nature of the pericarp layer towards enzymatic degradation (in 
addition to its highly branched AX) has been suggested to be due to lignin 
and dehydrodiferulates acting in AX cross-linking, making the layer rigid, 
physically strong and reluctant to hydrolysis by xylanases (Antoine et al. 
2003; Beaugrand et al. 2004; Parker et al. 2005). In addition to the structural 
differences within bran layers, wheat bran has been shown to be more resist-
ant to enzymatic degradation than rye bran. Petersson et al. (2013) reported 
that rye bran dietary fibre was more susceptible to solubilisation by microbial 
xylanases, probably due to the lower substitution level of rye AX (0.40) in 
comparison to wheat AX (0.45). The reported differences in the A/X ratio 
between the rye and wheat AX were low, however, the higher hydrolysis of 
rye bran could be explained by the differences in the bran polysaccharide 
composition: rye bran contains two times more β-glucan (4.2–5.3 g/100 g) 
and fructan (6.6–7.2 g/100 g) and approximately half the amount of cellulose 
(5.0–6.5 g/mol) in comparison with wheat bran (Kamal-Eldin et al. 2009).
70
As study I showed, the aleurone cell walls were resistant to enzymatic 
hydrolysis by the commercial enzymes within short incubation times (4–6 
h) probably due to the structural compounds within the cell walls. Accord-
ing to Benamrouche et al. (2002), ferulic acid within the aleurone poly-
saccharides does not limit the degradation of AX, whereas other authors 
have suggested that protein-ferulic acid cross-links partly resist the degra-
dation of AX (Rhodes and Stone 2002; Klepacka and Fornal 2006; Stone 
2006). These cross-links formed by ferulic acid and proteins could inhibit 
the action of the enzymes by blocking or burying the possible active sites 
for enzymes. Viscozyme L and Depol 740L have been reported to contain 
ferulic acid esterase as side activity but no indications for improved cell wall 
breakdown were detected with these enzymes in this study, suggesting that 
ferulic acid had a minor role in hindering cell wall degradation (Moore et al. 
2006; Anson et al. 2009). Furthermore, the enzyme preparations with pro-
teolytic side activities (Novozym 188, Viscozyme L), which in theory could 
hydrolyse the protein-constructed cross-links, were effective in solubilising 
the bran proteins, but the ability to improve especially the degradation of 
aleurone cell walls could not be confirmed from the results. 
The third factor hindering aleurone cell wall degradation could be the 
xylanase inhibitors present in wheat bran. At least three types of inhibitors 
have been identified from the wheat bran intermediate layer, including the 
Triticum aestivum xylanase inhibitor (TAXI), xylanase-inhibiting proteins 
(XIP) and thaumatin-like proteins (TLXI) (Jerkovic et al. 2010). All these 
enzyme inhibitors are active against microbial and/or fungal xylanases, 
thus also inhibiting the commercial enzyme preparations (Gebruers et al. 
2001; Gys et al. 2004; Jerkovic et al. 2010). As reviewed by Berrin and Juge 
(2008), xylanases from Aspergillus niger, Trichoderma longibrachiatum and 
Bacillus spp. have sensitivity towards at least one of the xylanase inhibitors in 
wheat. Most of the enzymes used in this study – Depol 761P, Bel’ase B210, 
Glucanase 5 XL, Viscoferm, Novozym 188, Corolase 7089 and Phytase 
– were produced by these microorganisms, thus likely having sensitivities 
towards wheat xylanase inhibitors. 
 Technofunctionality of  
bioprocessed bran protein isolates
In addition to improved bioavailability and nutritional quality, the techno-
functional properties of bran proteins address their usefulness in food  
applications. In the current study, the bioprocess-induced changes in  
technological properties, such as protein solubility, foaming and the emul-
sifying properties of wheat bran proteins, were established. In addition, 
changes in bread texture were examined from wheat breads enriched by 
bran protein isolates. 
The bioprocessing of bran had an impact on the chemical composition of 
bran protein isolates, which in turn altered the technofunctional properties 
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of bran proteins. The major observation was that bioprocessing increased 
the protein content in isolates from 67% up to 82% due to the hydrolysis of 
starch and soluble fibre. Additional proteins were identified from the bran 
protein isolate bioprocessed by fermentation with the addition of Bel’ase 
B210, Viscoferm and Phytase. The identified globulins, chitinase, β-amylase 
and LMW glutenins indicated the liberation and improved solubilisation of 
proteins from the aleurone layer and remnants of endosperm. The protein 
yield was not influenced by bioprocessing, being 44–48% in all protein 
isolates. The obtained protein yields are significantly higher than reported 
yields for wheat germ (18–28%) or rice bran (34–36%) made by wet-al-
kaline extraction and isoelectric precipitation. In a study by Wang et al. 
(1999), the xylanase and phytase pre-treatment of rice bran resulted in a 
significantly higher protein yield in bran protein isolates (up to 75%). How-
ever in this study, bioprocessing with the addition of Phytase (StrEP) was 
not shown to improve the protein yield of bran protein isolates.
The protein solubility obtained for the control wheat bran protein isolate 
was in accordance with Idris et al. (2003). A typical protein solubility for 
plant proteins is a U-shaped curve according to solution pH, and a wide 
range of protein solubility values (5–78%) at pH 4–8 is found in the liter-
ature on protein isolates and concentrates from cereal brans (Wang et al. 
1999; Tang et al. 2003; Guan et al. 2007; Prosekov et al. 2018). The low 
protein solubility of the isolates at a pH range of 4–7 was expected in this 
study since the precipitation of proteins was performed at a pH within 
this area (pH 5.5). The protein solubility was likely also influenced by the 
lyophilisation of the isolates as it is known to denaturate proteins by remov-
ing the bound water (Crowe et al. 1990). Interestingly, the bioprocessed 
bran protein isolates had lower protein solubility than the control protein 
isolate throughout pH 4–7, which could be linked to the more heteroge-
neous protein composition in the isolates. As discussed in the literature 
review (sections 2.2/2.3/2.5.2), the bran proteins are composed of a range of 
different proteins with varying pIs from 3–10 (Laubin et al. 2008; Gao et al. 
2009). The modest hydrolysis and improved solubilisation of bran proteins 
by bioprocessing increased the extractability and precipitation of additional 
proteins that were absent from the control isolate. Also, the higher content 
of starch and soluble fibre in the control isolate may have a role in improv-
ing the protein solubility. Indeed, protein-polysaccharide complexes with 
certain anionic carbohydrates can enhance the solubility of protein isolates, 
as shown in the canola protein isolate (Klassen et al. 2011).
The bioprocessed bran protein isolates had a stronger net charge and low-
er surface hydrophobicity, but the changes were not enough to increase the 
surface activity of proteins to form stable oil-in-water emulsions. However, 
the foaming stability was increased two-fold by bioprocessing with fermen-
tation and cell wall-degrading enzymes. Previous studies have shown quite 
unanimously that the foaming stability of cereal brans, oilseed and legume 
protein isolates decreases according to an increased hydrolysis rate (Vio-
que et al. 2000; Guan et al. 2007; Meinlschmidt et al. 2016b; Prosekov et 
al. 2018). The contradicting results suggest that rather than bioprocessing 
causing significant hydrolysis of bran proteins, it improved the solubilisa-
tion of additional bran proteins, such as the globulins and HMW glutenins 
identified from StrEP isolate bioprocessed with starters, cell wall-degrading 
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enzymes (Bel’ase B210 and Viscoferm) and Phytase. These proteins, in turn, 
had more sufficient technological properties, such as flexibility, that im-
proved their adjustment at the air-water interface, resulting in a more stable 
foam structure (Damodaran 2008). 
The improved foaming properties were reflected in breads enriched 
with bioprocessed protein isolates. Wheat bread can be considered a baked 
foam, where initially air is incorporated into a liquid starch-gluten network. 
The stability to retain air in the foam depends on the viscoelasticity of the 
starch-gluten network and the surface-active components (e.g. proteins, sol-
uble fibre, lipids) within the air-water interface (Mills et al. 2003). Hence, 
wheat bread was a logical food application for studying the applicability of 
bioprocessed protein isolates in a food product. 
The high water adsorption of bread ingredients can lead to lower dough 
volume and the increased hardness of bread. The addition of wheat bran 
protein isolates decreased the loaf volume and was not influenced by bio-
processing, indicating that the bioprocess-induced changes in the isolates 
had little impact on the volume of breads. Also in previous studies, the 
addition of cereal or oilseed protein isolates has been reported to decrease 
loaf volume and unanimously suggested to be caused by gluten dilution and 
the mechanical disruption of the gluten network by the isolate particles (Ji-
amyangyuen et al. 2005; Paraskevopoulou et al. 2010; Chinma et al. 2015).
The bread enriched with isolate bioprocessed by starters, Bel’ase and 
Viscoferm was softest and had significantly adhesive crumb and low springi-
ness. Sticky bread crumb is typical for breads with high xylanase activity, 
caused by the excessive amount of hydrolysed AX, which reduces the 
water-holding capacity of the dough (McCleary 1986; Courtin and Delcour 
2002). Thus, the added enzymes in the bran bioprocessing were also present 
in the protein isolates and activated during baking, resulting in sticky bread 
crumb and loss of crumb springiness. 
 Between the control protein isolate and protein isolate made after LAB 
and yeast fermentation, the differences in the protein fractions of the iso-
lates presumably had the most significant impact in bread hardness. Accord-
ing to previous literature, wheat bread enriched with legume-, seed- or cere-
al bran-based concentrates or isolates resulted in increased bread hardness 
in comparison to standard wheat bread (El-Adawy 1997; Jiamyangyuen 
et al. 2005; Paraskevopoulou et al. 2010; Chinma et al. 2015). Paraskev-
opoulos et al. (2010) suggested that the higher firmness of lupine protein 
isolate-enriched wheat bread was due to the thickening and strengthening 
of the crumb air cell walls by the lupine protein particles. Nevertheless, 
Chinma et al. (2015) showed that wheat bread enriched with 10% rice bran 
protein concentrate made after yeast fermentation decreased the bread 
hardness by 11% in comparison to bread enriched with rice bran protein 
concentrate prepared after spontaneous fermentation. The more intense de-
crease of bread hardness could be linked to the faster acidification and more 
intense bran modifications by the yeast in comparison to the spontaneous 
fermentation. Paraskevopoulos et al. (2010) reported that albumin-rich 
lupine protein isolates delayed bread firming during 24 h storage, whereas 
globulin-rich lupine protein isolate had no effect on bread staling. After 48 
h, breads with either type of protein isolates had lower bread hardness in 
comparison to wheat bread. The results indicate that endogenous enzymes 
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were active during the baking, thus improving the bread texture during stor-
age. Indeed, at low concentrations, amylases, xylanases and proteases have 
been reported to delay the staling of wheat bread (Mathewson 2000; Haros 
et al. 2002; Hug-Iten et al. 2003). The enzymatic activities in the fermented 
protein isolate, such as β-amylase, at least partly explain the softer bread 
crumb and delayed staling of the breads.
In addition to the protein profiles of the isolates, another factor  
influencing bread hardness was the presence of starch and soluble fibre.  
The control isolate had the highest contents of starch and WE pentosans  
as well as the highest bread hardness during storage. Starch retrograda-
tion is the initial cause of increased bread firmness, thus less starch able to 
retrogradate could at least in part explain the delayed staling of breads with 
fermented isolate (Biliaderis et al. 1995). Also, HMW AX are known to 
absorb water in dough, thus either slowing or intensifying bread staling de-
pending on the amount of available water in the system (Courtin and Del-
cour 2002). In the control protein isolate, the content of WE pentosans was 
rather low (2.5%) and decreased by bioprocessing to 1.1–1.5%. In contrast 
to this study, Biliaderis et al. (1995) obtained softer bread crumb despite 
the increased rate of starch retrogradation with the addition of water-soluble 
AX (0.5–1.3%) to wheat dough in similar amounts as added in this study 
by the control isolate. 
The practical study on applying bioprocessed bran proteins to wheat 
bread was relevant to see the interactions of the protein isolates with other 
components in food matrices since these are often not observed in more 
simple chemical analyses and technological tests. More research is still 
needed to fully understand the mechanism of bran proteins on bread struc-
ture formation.
Limitations of the study 
The present study aimed to examine bioprocessing as a tool to improve 
wheat bran protein bioavailability, nutritional quality and technological 
properties for food applications. Wheat bran is a challenging raw material 
for research due to its uneven composition. As mentioned in the literature 
review (section 2.1.1), side streams are collected in mills without stand-
ardisation of the composition, meaning that, for example, the contents of 
endosperm and germ and the microbial load can vary between brans (Elli-
ott et al. 2002). Also in this study, wheat brans were obtained from different 
mills and had variations in chemical composition, for example, in fibre and 
protein content. Nevertheless, a promising observation was that the bio-
processing resulted in remarkably similar outcomes regardless of the wheat 
bran batch, indicating that bioprocessing as a method was not sensitive 
to variations in the raw material. Still, in order to promote the utilisation 
of side streams as main streams in food production, the variation in bran 
composition should be controlled for food production aiming at consistent 
end-product quality.
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Compromises had to be made in the designing of the experiments in order 
to either improve the research value or to maintain the applicability for 
industrial processes. For example, commercial enzyme mixtures were chosen 
over purified enzymes due to their easier availability for industrial applica-
tions. The most crucial enzyme activities or the required synergistic actions 
of certain enzyme activities for cell wall degradation and protein solubili-
sation could not be distinguished from the enzyme mixtures with varying 
enzyme side activities. Similarly, even though the specific LAB and yeast 
species from the VTT Culture Collection showed good fermentation perfor-
mance on cereal brans, they were substituted by commercial starter cultures 
as the latter are readily available for industry. 
Some improvements were also made during the studies. Different parti-
cle-sized brans, as well as varying bran-water ratios, were used in the  
bran treatments. In the first study, milled wheat bran was chosen for its  
mechanical disruption of bran cell walls prior to enzymatic hydrolysis, which 
already enhances protein liberation. The high water content in  
the treatments (1:10 w/v) was used to ensure enzymatic performance.  
In the second study, coarse bran was chosen to decrease the processing steps 
and improve the applicability of bioprocessed brans at the industrial scale. 
However, in the pre-experiments of study III, the milling of bran  
was noted to significantly improve the protein solubilisation, thus milled 
bran was used for the experiments. However, the bran-water ratio had to be 
adjusted according to the bran particle size. With a bran-water ratio  
of 30:70 w/v, coarse bran absorbed almost all the water, and low amounts 
of the soluble fraction could be collected. Thus, higher (20:80 w/v) water 
content in coarse bran treatments was needed to obtain adequate amounts 
of soluble fraction for analysis. With milled bran the water adsorption was 
lower, thus 30:70 (w/v) was optimal for protein solubilisation and to collect 
the soluble fraction for analysis.
The wheat bran protein isolates in this study were prepared by wet-alka-
line extraction and isoelectric precipitation. Wet-alkaline extractions of plant 
proteins followed by isoelectric precipitation is currently used in the industry 
in contrast to other methods still in the experimental phases, such as ultrafil-
tration (Alonso-Miravalles et al. 2019). The high extraction pH used in the 
study may negatively affect the functional properties of bran proteins caus-
ing the denaturation, cross-linking and racemisation of amino acids (Sozer et 
al. 2017). Another limitation in this study was that isoelectric precipitations 
precipitates proteins with the selected pH, resulting in a rather low protein 
yield. By sequential protein precipitation with selected precipitation pH, 
more proteins could be obtained in the final isolate from the bran material. 
In addition, the production of protein isolates requires rather high amounts 
of water and is performed in harsh conditions (pH around 11). Further op-
timisation of the isolation method, such as extraction pH, sequential protein 
precipitation and dry matter-to-solution ratio, would be interesting to study 
in order to improve the protein isolation yield with milder treatment condi-
tions without compromising the technological properties. Thus, in order to 
use the side stream proteins in large scale production, more economically 
feasible and sustainable protein isolation technologies should be developed.
The solubilisation of bran proteins after different bioprocessing methods 
was evaluated by analysing the total solubilised nitrogen content by the 
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Kjeldahl and Dumas combustion methods. These methods are based on  
nitrogen liberation at high temperatures and were the most reliable analyti-
cal methods to evaluate the overall nitrogen solubilisation from bran.  
In addition, these methods are the official standard methods of AOAC  
International and AACC International (AACC, 2003; AOAC 2019). 
However, the Kjeldahl and Dumas methods lack selectivity towards pro-
tein-based nitrogen simultaneously measuring nitrogen from other com-
pounds as well (e.g. B vitamins), which could result in an over-estimation 
of protein content (Moore et al. 2010). Furthermore, the conversion factor 
used may influence the accuracy of the calculated protein content and con-
siderable debate on the subject has taken place, as reviewed by Moore et al. 
(2010) and Mariotti et al. (2008). Nevertheless, in study III, a conversion 
factor of 6.31 from nitrogen to protein content was used, as recommended 
for wheat bran by the FAO (FAO 2002). The protein content calculated 
with the recommended conversion factor was observed to be in line with the 
total amino acid content analysed from hydrolysed proteins by ultra-high 
performance liquid chromatography. Another protein analysis method used 
was the Bradford method, which cannot detect peptides or proteins with an 
MW under 3,000 g/mol. Thus, the Bradford method was used for the esti-
mation of soluble protein content but not for the overall content of proteins 
and protein derivatives. For a more comprehensive evaluation of protein 
hydrolysis after bioprocessing methods, several analysis methods for protein, 
peptide and amino acid contents were performed (II). 
Another limiting factor in the analytical methods used was the determina-
tion of WE pentosan and reducing sugar contents to represent the hydrol-
ysis of bran cell walls. These methods could be used to show the hydrolysis 
of bran polysaccharides in short incubation times (< 6 h). However, with 
longer incubation times (> 6 h) the microorganisms consumed the carbohy-
drates and the obtained results were not reflecting the bran polysaccharide 
degradation. Two bioprocessing treatments (carbohydrases and LAB fer-
mentation with added carbohydrases) were analysed additionally by micros-
copy to give more detailed information on the bioprocess-induced changes 
in bran structure during fermentation.
The wheat bran proteins within aleurone cells are stored as globoids 
composed of proteins and phytic acid (Bohn et al. 2007; Bechtel et al. 2009; 
Regvar et al. 2011). As indicated in the literature review (section 2.4.2), phyt-
ic acid can form insoluble complexes with proteins, thus decreasing their sol-
ubility. In study III, phytase was added to the bioprocess to examine whether 
the degradation of phytic acid would further enhance the solubilisation and 
extractability of bran proteins. Based on the pre-experiments, bioprocessing 
with fermentation, cell wall-degrading enzymes and Phytase significantly 
decreased the phytic acid content in bran in comparison to the same biopro-
cess without the Phytase addition (data not shown). Despite this, no signifi-
cant improvements in protein yield were obtained by the addition of Phytase, 
and only minor changes were observed in the biochemical and technological 
properties of the isolate. The results encourage further studies to understand 
the interactions between bran proteins and phytic acid.
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Future prospects
This study showed that bioprocessing is an effective and feasible tool to 
improve wheat bran protein solubility while simultaneously enhancing their 
digestibility and technological properties. With an estimated 120 M tons 
of wheat side streams produced annually and an average of 18% of protein 
content in bran, it can be roughly calculated that 21.6 M tons of bran pro-
tein is produced yearly. According to the World Resources Institute, global 
protein consumption is 86 grams/day/person (Ranganathan et al. 2016). 
With bioprocessing involving lactic acid fermentation, 51–52% of the pro-
teins were solubilised, thus, in theory, fulfilling the daily protein consump-
tion for 360 million people. The estimations show the massive scale of a 
potential plant-based protein source from wheat bran. 
However, more research is needed to optimise the bioprocessing con-
ditions for targeted end-products. Applying bioprocessed wheat bran as 
such to solid and semi-solid foods would be economically the most feasible 
way to utilise the bran. Indeed, the fermentation of wheat bran has been 
shown to improve the technological properties of bread and extruded cereal 
products (Dunaevsky et al. 1989; Salmenkallio-Marttila et al. 2001; Kati-
na et al. 2012; Hartikainen et al. 2014). A challenge in using bioprocessed 
wheat bran is the low final pH, which prevents high substitution levels in 
foods if consumer acceptance is taken into account. Another challenge 
is the application of high amounts of fibre in baking products since they 
generally have detrimental effects on the textural properties (Hemdane et 
al. 2016). Thus, other types of cereal-based products, such as crackers and 
crispbreads, would be interesting to study, aiming at improving protein 
quality and digestibility together with modified bran fibre fraction. The use 
of bran proteins without the challenges associated with fibre fraction would 
be possible by isolating the water-soluble fraction as a protein concentrate. 
With this approach, a challenge – or advantage – would be the concomitant 
compounds present in the soluble fraction, such as phenolic acids, carbohy-
drates, sugars and minerals. In this study, protein concentrates were not ex-
amined due to the interference of co-passing compounds in understanding 
the role of bioprocessing on the biochemical and technological properties of 
bran proteins. However, the interactions of proteins with other compounds 
present in the soluble fraction would be interesting to study in future. 
As shown in this study, high protein solubilisation with long bioprocess-
ing times caused the simultaneous hydrolysis of proteins as well. The higher 
protein hydrolysis rate was associated with improved protein digestibility. 
The intensive protein hydrolysis could be exploited in producing bioactive 
peptides, such as ACE inhibitory peptides, for health-promoting products 
(Rizzello et al. 2008; Coda et al. 2012). 
Bioprocessing was also shown to produce protein isolates with high 
protein content and low soluble fibre content. Thus, bioprocessing has great 
potential to be used as a clean-label pre-treatment for cereal-based materials 
in the production of protein isolates. The improved foaming stability ob-
tained in bioprocessed protein isolates could be used, in addition to bread, 
in other types of foam-structured foods, such as extruded snacks or even 
plant-based ice creams. However, a substantial amount of work still needs 
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to be done to apply bioprocessed protein isolates to food products. For ex-
ample, a suitable defatting method, such as supercritical carbon dioxide ex-
traction, the inactivation of excess enzymatic activity and the optimisation of 
the baking process, needs to be applied to improve the storage and textural 
properties of isolate-enriched breads. Furthermore, the taste, flavour and 
colour of protein isolates were likely influenced by bioprocessing, and the 
impact of different bioprocessing methods (i.e. fermentation and addition of 
enzymes) on the sensory profile of isolate-enriched breads would be inter-
esting to define. Finally, as the work aimed to improve the bioavailability 
and nutritional quality of bran proteins, in vivo trials with humans is of in-
terest to determine the full potential of wheat bran proteins in food. In vivo 
studies especially with wheat bran proteins have not been yet performed.
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Conclusions
 
 
 
 
 
 
 
 
In the present work, different combinations of hydrolytic enzymes and 
microbial fermentation were used to increase the liberation and solubilisa-
tion of bran proteins with simultaneous improvement of nutritional quality 
and technological functionality. 
Treatments by enzymes with only carbohydrase activities were effective in 
the solubilisation of bran cell walls on the aleurone side of bran (i.e. en-
dosperm and aleurone cell walls) but were not able to liberate and solubilise 
the bran proteins from aleurone cells. Enzyme preparations with proteolytic 
main or side activities were effective in increasing the solubilisation of bran 
proteins, showing that the proteolytic activity was required for improved 
protein solubilisation. Even with the most effective enzyme preparation, 
Corolase 7089 (58% protein solubilised in 4 h), the enzyme was effective 
in solubilising and hydrolysing mainly endosperm proteins, whereas the 
proteins within aleurone cells remained intact. The first study showed that 
proteolysis by endogenous proteases is needed in microbially controlled 
conditions in order to liberate the proteins within the wheat aleurone cells. 
The individual and combined actions of enzymatic treatments (exog-
enous cell wall-degrading carbohydrases and endogenous enzymes) and 
microbial fermentations were studied to examine their role in modifying 
the wheat bran and the bioavailability and nutritional quality of its proteins. 
The results showed that the solubilisation of bran proteins was dependent 
on the incubation time in acidic conditions optimal for endogenous pro-
teases, whereas the hydrolysis rate and nutritional quality of the proteins 
were related to the microbial activity during the treatment. The activation 
of endogenous enzymes in bran by chemical acidification most significantly 
increased the protein solubilisation, up to 75%, causing modest proteolysis 
and the simultaneous improvement of in vitro protein digestibility (from 
14% to 20%). Lactic acid fermentation by LAB and yeast in combination 
with cell wall-degrading enzymes (Depol 761P and Viscoferm) was found to 
be the most beneficial and microbially safe method for the gradual acidifica-
tion and subsequent activation of endogenous proteolytic enzymes in bran. 
This bioprocessing method resulted in significant protein solubilisation 
(52%), and the hydrolysed proteins during the treatment resulted in signif-
icantly improved in vitro protein digestibility (39%). By a rough estimation 
of the current wheat production rates, 11.3 M tons of protein/year could be 
utilised as good-quality protein for human nutrition instead of using them 
mainly as feed, as currently is the case. On the basis of this study, biopro-
cessing has significant potential to improve the solubility as well as the 
nutritional quality of bran proteins with a feasible and ‘clean-label’ method. 
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This study was the first to show bioprocessing as an effective tool to mod-
ify the chemical composition and to improve the technological properties 
of bran protein isolates. Bioprocessing with lactic acid fermentation with or 
without the addition of cell wall-degrading enzymes and Phytase increased 
the protein content of protein isolates up to 80% by degrading WE pen-
tosans and starch. In general, the bioprocessing of wheat bran liberated and 
solubilised additional proteins to the isolates that were suggested to induce 
the physicochemical modifications. The more heterogeneous protein profile 
in the bioprocessed protein isolates likely reduced the solubility in compar-
ison to the control isolate with a more homogeneous protein profile. Even 
though the emulsifying properties were not affected by bioprocessing, the 
foaming stability was almost doubled by bioprocessing with lactic acid fer-
mentation and enzymes. Throughout the study, bioprocessing with the addi-
tion of enzymes had the most intensive effect in regard to modifications in 
the chemical composition of bran, the nutritional quality of proteins and the 
technofunctional properties of the protein isolates. However, the fermen-
tation of wheat bran by LAB and yeast without the enzyme addition was 
found to be most optimal for bread baking in terms of bread texture. The 
bran protein isolates were added to wheat bread according to their protein 
contents, substituting 20% of the total energy by proteins from the isolates. 
The breads containing protein isolate fermented by LAB and yeast delayed 
staling and showed lower firming during 4 days of storage in comparison  
to bread enriched with the control protein isolate made without bioprocess-
ing. With the optimisation of the baking process, significant improvements 
in the textural properties of the bread could be achieved, and the results  
of this study show that the applicability of bran protein isolates to food 
products is highly promising.
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